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ABSTRACT
Comparative genomics has revolutionized virtually all fields of biology including the study
of evolution. In this dissertation, I used next-generation sequencing to explore the
evolutionary histories and adaptive evolution of a diverse set of taxa. Comparisons ranged
across time scales, from population-level genetic diversity studies to questions spanning
the deepest branches of the metazoan lineage. Whole genome sequencing of 50 unrelated
Korean individuals revealed that Koreans have a distinct genetic history from the Chinese
and Japanese populations. Our Korean-specific variome database was used to identify
novel disease-causing variants in the Korean population, highlighting the value of highquality ethnic variation databases for the accurate interpretation of individual genomes and
genetic variations. Using multi-species comparative genomics of mammals, I identified
signatures of high-altitude adaptation in the endangered long-tailed goral (Naemorhedus
caudatus) in the mountains of Korea, and in a separate study in three species of closelyrelated montane guinea pigs in the Andes of South America. Phylogenomic analyses were
used to confirm that the source species of the domestic guinea pig (Cavia porcellus) was
the high-altitude species Cavia tschudii, not the lowland Cavia aperea. Finally, the first
jellyfish (Nemopilema nomurai) and shark (Rhinocodon typus) genomes were assembled
and used to identify genetic features unique to those lineages. Large scale genomic
comparisons of over 80 metazoans revealed correlations between a number of
physiological and genetic traits. Taken together, this dissertation shows the power of
comparative genomics to address fundamental biological questions across evolutionary
time and diverse non-model systems.
v
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CHAPTER 1: Introduction
The question of how populations diversify over time and how organisms adapt to
new environmental conditions is central to our understanding of evolution. In the latter
decades of 20th century, biologists were generally limited to questions that could be
explored using relatively few genetic loci in a handful of model organisms, but recent
advances in sequencing technologies over the past decade now permit us to explore
molecular evolution in any wild organism at a depth that was previously impossible.
Parallel advances in bioinformatics1,2 and computational evolutionary analyses allow us to
rigorously explore the evolutionary history and demography of species and populations, to
model how these populations have changed over time, and to identify genes and pathways
that have undergone selection in response to the diverse environments inhabited by
organisms across this planet.
The topics that can now be addressed using comparative genomics and
transcriptomics span most fields of biology. Depending on the biological question,
genomics can be used to test hypotheses that scale from deeply divergent species down to
individuals within small populations. Deep time comparisons allow us to address questions
about broad evolutionary trends and the early evolution of animals, while comparing
genomes among recently diverged populations can help pinpoint responses to differential
selective regimes between taxa or populations. The Earth is currently undergoing a period
of dramatic climatic change, which will cause many organisms to face new ecological
challenges. Using comparative genomics tools to identify how organism have adapted to
environments in the past may ultimately lead to better predictions of how species will adapt
or perish as climate changes into the future. As sequencing technologies and bioinformatics
continue to advance, and population-level comparative genomics becomes routine, having
geographically, temporally, and taxonomically rich catalogues of biodiversity within
natural history collections will be essential to our ongoing investigation into both genetics
and evolution.
Extreme environments are ideal systems in which to study the molecular
mechanisms of adaptive evolution. Chapters 2 & 3 of this dissertation include comparative
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investigations of hypoxia tolerance in multiple independent mammalian clades native to
the Andes region of South America and the Taeback and Soback mountains of Asia. In
Chapter 2, whole genome sequencing data were generated for three sets of guinea pig/cavy
sister species (Cavia, Galea, and Microcavia), each of which have a high-elevation (>
3,200 m) and a low-elevation (< 2,500 m) member. Genomic data from each of the seven
species (Cavia tschudii and Cavia aperea, Galea leucoblephara and Galea comes,
Microcavia niata and Microcavia australis) were used to infer the evolutionary history of
guinea pigs and cavies, and to identify signatures high-altitude adaptation in response to
shared environments. In Chapter 3, whole genome sequencing of the mid-elevation
endangered long-tailed goral (Naemorhedus caudatus) was used to assess conservation
concerns, and to identify genetic adaptations to montane environments.
Compared to the number of genomes that are available for terrestrial species,
marine species have been generally under-sampled. Chapters 4 & 5 of this dissertation
involve comparative genomic investigations of the whale shark and jellyfish, and include
assemblies of the first shark and first jellyfish genomes to date. In both chapters,
demographic and phylogenomic analyses were used to infer their respective evolutionary
histories. In Chapter 4, we used the jellyfish genome to characterize the evolutionary
history of body patterning across metazoans, and to identify adaptions associated with the
development of active swimming and mobile predation that allowed the jellyfish to become
one of the earliest and most successful predators. In Chapter 5, we used the whale shark
genome to investigate the correlation of biological traits like body size and longevity with
a suite of genome features, and found both general correlations across animal evolution
and features specific to the whale shark genome.
To discover disease-causing genetic variants, researchers rely on populationspecific databases (variomes) containing the benign genetic variation present within
specific ethnic groups. To this end, the Personal Genome Project (PGP) seeks to catalogue
genetic variants across human populations to aid in disease research, and the PGP Korea
has been working to sequence the Korean population. To characterize the benign ethnicityrelevant genetic variation present in the Korean population, health records and WGS data
for 50 unrelated Korean individuals were created. These results were used to identify single
nucleotide variants (SNVs), small insertions and deletions (indels), structural variants
2

(SVs), and copy number variants (CNVs), many of which were novel or selectively
enriched in the Korean population. The resulting database (KoVariome) was used to predict
candidate loci, inheritance patterns, and genetic risk for several diseases.
In addition to the chapters included in my dissertation, I have also collaborated on
a variety of studies that have used these techniques to address a number of evolutionary
and biomedical questions. In three of these efforts, whole genome sequencing (WGS) and
comparative evolutionary genomics were used to better understand the evolution of dietary
lifestyles and the adaptive genetic changes that underlie the development of carnivorous,
herbivorous, omnivorous, and scavenger diets3,4,5. Comparative genomic techniques were
also used in two pharmacological and biomedical studies to identify novel natural products
produced by bacteria, which have evolved as mechanisms of chemical signaling and
defense and can be used to create new drug compounds6; and to identify the epigenetic
changes caused by environmental toxins like arsenic7. Finally, we discussed the critical
role of natural history collections in comparative genomics, which together allow us to
explore how populations and species have changed across time.8
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ABSTRACT
Guinea pigs and cavies are rodents native to South America and include domestic guinea
pig, Cavia porcellus. Speciation within the three Caviinae genera (Cavia, Microcavia, and
Galea) has been tied to the uplift of the Andes Mountains. To identify and compare
signatures of high-altitude adaptation across this subfamily, we generated 737 Gb of whole
genome sequence data for seven species, including three pairs of high-altitude wild cavies
and their low-altitude sister species. Comparative evolutionary analyses of these species,
along with the domestic guinea pig, mouse, rat, and human, revealed selection on hypoxia
inducible factor (HIF) pathway genes (EPO, CUL2, FXN, ELK1, SIAH2) in two wild, high
altitude species and the domestic guinea pig. Originally thought to be domesticated from
the lowland Cavia aperea, we also used phylogenomic comparisons of 8,076 single copy
orthologs to confirm that the high-altitude Cavia tschudii was the source of the domestic
guinea pig. Gene ontology (GO) analyses of positively selected genes (PSGs) identified
enrichment of several hypoxia-related biological processes, including the ‘cellular
response to hypoxia’, ‘oxygen homeostasis’, and ‘vasculogenesis’. Polymorphisms in
domestic guinea pig hemoglobin structure, previously reported as signatures of highaltitude adaptation, are shared among all species, suggesting deeper origination of this
adaptation in a common ancestor. Altogether, both shared pathways and unique signatures
of selection were identified in the three independently-evolved, high-altitude species.

Keywords
Cavia porcellus, cavy, erythropoietin, hemoglobin, HIF-pathway, high-altitude adaptation,
hypoxia-inducible factors,
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INTRODUCTION
Guinea pigs and cavies are herbivorous rodents native to South America and comprise 15
species from three genera (Cavia, Galea, and Microcavia) within the subfamily Caviinae
including the domestic guinea pig (Cavia porcellus) (1). Molecular and fossil data suggest
the arrival of caviomorph rodents from Africa in the Mid-Eocene (2-4), and the origination
of the family Caviidae in the mid-Miocene (5) in the extra-Andean lowlands (6, 7). During
the mid-late Miocene, a period of cooling and aridification resulted in an expansion of
grassland habitats that stimulated diversification of the subfamily in the peri-Andean
regions and mid-elevation Andean valleys, followed by subsequent radiation into both the
highlands of the Altiplano and lowlands of southern South America (6, 8, 9). Of the three
subfamilies within the Caviidae, only the Caviinae contain both high and low elevation
species. Speciation within these modern genera was hypothetically driven, at least in part,
by the rapid uplift of the Andes Mountains that occurred between 6-10 MYA (7-10),
resulting in pairs of high- and low-altitude sister species in each of the Caviinae genera.
The domestic guinea pig (Cavia porcellus), an important biomedical research
model for over a century, is widely used in studies of the respiratory, nervous, and immune
systems. While largely replaced by the mouse model in other experimental systems, due in
part to the relative paucity of genetic and genomic data, guinea pigs remain central to
several biomedical research initiatives, are in frequent contact with humans through the pet
trade, and are culturally significant in many South American countries. Fossil and
molecular studies have estimated that domestication occurred between 4-10 KYA in the
highlands of Peru (11). Multi-locus phylogenetic (12) and chromosomal (7, 13) studies
suggested that the high-altitude Cavia tschudii was the source species for domestic guinea
pigs. Some authors continue to assert that Cavia aperea f. porcellus is the appropriate name
for the domesticated form, disregarding findings supporting tschudii and aperea as distinct
species and the restriction of C. aperea to lower elevations. Since molecular and
physiological adaptations in oxygen transport systems have been found in the majority of
high-altitude species studied to date (14, 15), conclusively identifying the source species
is essential for accurately assessing the suitability of C. porcellus as a model in biomedical
studies involving hypoxia, particularly in studies of respiratory diseases and cancer.
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Organisms inhabiting high-altitude environments experience physiological
stressors

including

reduced

oxygen

availability,

cold,

and

increased

UV

exposure. Lowland-adapted mammals exposed to high-altitude environments develop
polycythemia though the activation of the hypoxia indictable factor (HIF) pathway, which
is a disease state characterized by increased blood viscosity due to greater concentrations
of hemoglobin and erythrocytes. Increases in erythropoiesis caused by moderate altitudes
improves oxygen delivery at these elevations, but polycythemia caused by extreme
altitudes leads to a variety of medical conditions including reduced lung function, heart
failure, stroke, and adverse perinatal outcomes (16). Polymorphisms in several of the
transcription factors (HIFα1, EPAS1, PPKAA1) involved in the erythropoietin (EPO)
pathway have been associated with the blunting of the erythropoietic response in highaltitude human populations and other high-altitude adapted animals (14, 17-20). This
diminished response has also been observed in domestic guinea pigs, where experimental
studies of animals exposed to simulated 4,000 m environments resulted in hematocrit (Hct)
values only slightly higher than the normal values for rats and humans at sea level (21),
leading to the suggestion that they are high-altitude adapted. Similar to other high-altitude
adapted mammals, domestic guinea pigs also show an increased oxygen binding efficiency,
with a P50 of 25 Torr, compared to ~36 Torr in lowland small mammals (rat, mole,
hedgehog) (22-24). X-ray crystallography studies of guinea pig a and b hemoglobin
subunits have identified three amino acid substitutions between domesticated guinea pigs
and humans that result in a destabilization of the lower affinity T state and a stabilization
of the higher affinity R2 state (24), though it is uncertain when these polymorphisms arose.
To investigate high-altitude adaptation in the Caviinae lineage, we generated whole
genome sequencing (WGS) data for seven species of wild guinea pigs and cavies, including
a high- and low-elevation species for each genus (Cavia, Microcavia, Galea). The data
were mapped to the domestic guinea pig reference genome and used to infer a timeline of
Caviinae diversification, infer the origin of the domestic guinea pig, and identify signatures
of selection in response to the three independent, high-altitude colonizations.
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RESULTS & DISCUSSION
Genome sequencing and assembly
Frozen tissue samples from archived specimens were acquired from natural history
collections and included a single individual from each of the following species: Cavia
tschudii, Cavia aperea, Microcavia niata, Microcavia australis, Galea comes, Galea
leucoblephara, and Galea spixii (Supplementary Table 1). Genomic DNA was sequenced
on an Illumina HiSeq X Ten platform, from which we obtained 91-117 Gb data per species
(Supplementary Table 2). Raw reads were quality filtered and mapped to the domestic
guinea pig (C. porcellus) reference genome (25). Mapping rates varied (79–98%) with
depths of coverage between 19–33´ (Supplementary Table 3, Supplementary Figure 1).
Variant analyses of the mapped reads yielded 24M-153M single nucleotide variants
(SNVs), depending on genetic distance from the reference (Supplementary Table 4). For
each of the seven species, heterozygous SNVs were replaced with “N” and the homozygous
SNVs were used to construct consensus sequences. Using the guinea pig reference genome
annotation file, 16-19K coding sequence (CDS) regions were extracted from the consensus
sequences (CDS sequences with ³ 5% of Ns were filtered out, Supplementary Table 5),
with 90-95% of the CDS sequences having a read depth greater than or equal to five
(Supplementary Table 6).

Caviinae evolutionary relationships and the origin of the domestic guinea pig
In addition to the seven Caviinae consensus sequences, the domestic guinea pig (Cavia
porcellus), mouse (Mus musculus), rat (Rattus norvegicus), and human (Homo sapiens)
reference genomes were used for phylogenomic and selection analyses. Orthologous gene
clustering of the four reference genomes resulted in a total of 20,954 orthologous clusters
and 10,948 single copy orthologs. Of these, 8,076 single copy orthologs were shared among
all eleven species. Phylogenomic analyses using these genome-wide, single-copy orthologs
supported prior work identifing the high-altitude Cavia tschudii, not the lowland Cavia
aperea, as the source species for the domestic guinea pig (Figure 1).
Divergence times across the Caviinae lineage were inferred using a total of 3.7M
sites from across the genome. Mean divergence dates show the Cavia divergence at 5
MYA, Microcavia divergence at 3.1 MYA, and Galea divergence at 5.1 MYA
9

(Supplementary Figure 2). G. comes and G. leucoblephara diverged 1.25 MYA. The
ancestors of the guinea pigs (Cavia and Microcavia) diverged 6.8 MYA, while the cavies
(Cavia/Microcavia and Galea) shared a common ancestor 12.2 MYA. The intrageneric
divergence dates, ranging from 4-5.1 MYA, occur just after the final rapid uplift of the
Andes, which is consistent with the hypothesized montane radiation and subsequent
diversification in these clades (6).

Independent selection on the HIF pathway in multiple species of guinea pigs
The HIF transcriptional complex is a global regulator of the response to hypoxia, and
selection on genes in this pathway has been identified in species ranging from high-altitude
Tibetan and Andean human populations to the snow leopard and yak (17, 18, 26-28).
Branch and branch-site models detected signatures of positive selection on HIF pathway
genes in three of our high-altitude species, including the domestic guinea pig (C.
porcellus), C. tschudii, and M. niata (Figure 3A). HIF-1 and HIF-2 are hypoxia-regulated
transcription factors that consist of oxygen-sensitive α subunits and constitutionally
expressed β subunits. HIF-α concentrations are maintained at low concentrations in the cell
under normoxic conditions through proteasomal degradation. Decreases in oxygen levels
halt the ubiquination and degradation of HIF-α, which then heterodimerizes with HIF-β
(29) and activates a suite of hypoxia response genes involved in erythropoiesis,
angiogenesis, and cellular metabolism (30). Positively selected in M. niata, Cullin-2
(CUL2) is a critical component of the von Hippel-Lindau (VHL) tumor suppressor
complex that ubiquitinates and degrades HIF-α (Figure 3A). Experimental studies have
shown that hypoxia-induced miR-424 targets CUL2, which stabilizes HIF-α and activates
hypoxia response genes (31). Further experimental studies have shown that CUL2 also
regulates HIF-a independent of VHL, and that CUL2 siRNA silencing in zebrafish
inhibited HIF-β expression causing defects in vascularization (32).
One of the HIF pathway genes under positive selection in both C. porcellus and C.
tschudii is Erythropoietin (EPO). High-altitude polycythemia (HAPC) is the most common
disease in chronic mountain sickness and is mediated by the HIF pathway in response to
decreased oxygen concentrations. The hypoxia-triggered erythropoietic response between
rats and guinea pigs is different in both the elevation at which the response is initiated, and
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the magnitude of the response. Hematocrit levels in domestic guinea pigs raised at
simulated 3,000 m and 4,000 m were virtually unchanged compared to sea-level controls,
in contrast to rats with significant increases at 3,000 m, though the guinea pig Hct
concentration did increase substantially at 5,000 m (33). Erythropoietin is the primary
regulator of erythropoiesis in mammals. This critical hormone is produced primarily in the
kidneys and liver in response to low-oxygen levels in the blood, which stimulates the
proliferation and differentiation of erythroid progenitors. EPO concentrations increase up
to 1000-fold (34) in response to hypoxic conditions, which can result in adverse health
outcomes due to HAPC. EPO generally shows strong cross reactivity between mammals,
but early studies of erythropoietin activity in the guinea pig showed unusual species
specificity in both erythropoietin and erythropoietin responsive cells (35). Unlike other
mammals tested, the guinea pigs failed to respond to rat erythropoietin and guinea pig
erythropoietin failed to elicit a response in the mouse (35). Later studies showed that
cultured guinea pig erythroid progenitors could be stimulated by mouse and human EPO,
though the inverse was not true (36). However, significantly increased EPO levels have
been observed in guinea pigs experimentally exposed to hypoxia, and guinea pig erythroid
progenitors respond as expected to guinea pig hypoxic serum (36). To determine whether
the lack of cross reactivity in the guinea pig is due to conformational changes in the protein
structure, we first compared the sequences between these species. EPO amino acid
sequence comparisons identified >90% sequence similarity among the guinea pigs and
cavies; 75% sequence similarity among the domestic guinea pig, mouse, and human; and
just 60% sequence similarity between the domestic guinea pig and rat (Supplemental
Figures 4 and 5). Conversely, genome wide sequence similarity of the single copy
orthologous genes between the guinea pig and the mouse, human, and rat are roughly 80%;
lending further support to the inference of positive selection on this gene in the guinea pig
(Supplementary Figure 3).
The HIF pathway gene frataxin (FXN) regulates mitochondrial iron transport and
was also positively selected in both C. porcellus and C. tschudii. Disruption of this protein
results in mitochondrial iron overload and increased ROS production. Experimental studies
in mouse models have shown that HIF-1α and HIF-2α upregulate FXN expression in
response to hypoxia and oxidative stress, preserving the viability of cardiomyocytes in
11

animals exposed to hypoxia (37, 38). As a result, FXN is hypothesized to protect cells
against iron-catalyzed oxidative stress by acting as an iron storage protein during periods
of hypoxia, thus promoting cell survival by helping to maintain the mitochondrial
membrane potential. Selected in C. tschudii, the ETS Transcription Factor (ELK1) protein
has been shown experimentally to complex with HIF-α to transcriptionally activate
promoters of target genes. ELK1 knockdown studies significantly reduced the induction of
HIF-2α target genes in response to hypoxia (39, 40). Finally, in C. porcellus, the Siah E3
ubiquiten ligase (SIAH2) gene is positively selected. This protein is a critical regulator of
hypoxia response pathways. Under hypoxic conditions, SIAH2 triggers the degradation of
prolyl hydroxylases, including PHD3, which increases the stability of hypoxia-inducible
factor HIF-1α (41) (Figure 3A).

Additional signatures of high-altitude adaptation in guinea pigs.
Gene Ontology (GO) and KEGG pathway analyses of the branch model PSGs showed
statistical enrichment of PSGs in several categories potentially related to high-altitude
adaptation. Among them are GO biological processes related to the ‘cellular response to
hypoxia’, ‘oxygen homeostasis’, ‘vasculogenesis’, and multiple processes related to lung
and cardiac development and function (Additional File). In C. tschudii, six PSGs are
involved in the enriched ‘cellular response to hypoxia’ biological process (GO:0071456;
ZFP36L1, SIRT4, PINK1, ANKRD1, HIGD1A, OPRD1). Notable among these, ANKRD1
is a muscle stretch protein and expression levels have been shown it to be correlated with
hypoxia tolerance in the blind subterranean mole rat (42). In the domestic guinea pig (C.
porcellus), the transcription factor H2.0 Like Homeobox (HLX) was positively selected.
HLX reduces angiogenesis under normoxic conditions, and cell culture studies indicate
that expression of this gene was significantly downregulated by VEGF in response to
hypoxia, facilitating angiogenesis (43). Downregulation of this gene likely plays a critical
role in vascular remodeling in animals exposed to hypoxia and warrants further functional
characterization.
The brain is the most sensitive organ to oxidative stress caused by hypoxia that
leads to rapid loss of structural and functional integrity. Positively selected in G. comes,
Activity-Dependent Neuroprotector Homeobox (ADNP) is a neuroprotective factor that
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was shown experimentally to decrease oxidative stress and ROS production in both mice
and rats in response to hypobaric hypoxia (44, 45). Also selected in G. comes, the Ring
Finger Protein 213 (RNF213) is a E3 ubiquitin ligase involved in angiogenesis. Cell culture
and mouse model studies showed the critical importance of the PTP1B/RNF213/α-KGDD
pathway for promoting cell survival during hypoxia (46). Further knockdown and knockout
studies demonstrated that RNF213 is the essential downstream mediator of the effects of
PTP1B on non-mitochondrial oxygen consumption and hypoxia sensitivity (46). RNF213
is also positively selected in a high-altitude hummingbird (Weber unpubl. data), suggesting
the potential importance of this gene and pathway on high-altitude hypoxia and
highlighting the need for expanded functional studies of this system.

Hemoglobin polymorphisms across the Caviidae lineage
Crystal structure analysis of C. porcellus hemoglobin suggested that the increased
hemoglobin oxygen binding affinity observed in the domestic guinea pig is due to a
substitution of a conserved proline residue in the alpha subunit (P44 to H44) and the
formation of two additional salt bridges due to two substitutions in the beta subunit; which
together cause a de-stabilization of the higher-affinity T state (24). These substitutions have
been advanced as evidence of high-altitude adaptation (24); however, the HBA H44
substitution is present in all guinea pig species we examined, suggesting it was the ancestral
condition (Figure 4B, Supplementary Figure 7).

CONCLUSIONS
The domestic guinea pig is an important biomedical research model, yet its origins have
long been controversial and variation in its wild relatives has been minimally explored.
Phylogenomic analyses using 8,076 single copy orthologs revealed that the high-altitude
Cavia tschudii, not the low-altitude C. aperea, was the source species of the domestic
guinea pig. This finding is consistent with the blunted erythropoietic response observed in
experimental hypoxia studies of domestic guinea pigs and supports the hypothesis that
domestication occurred in the highlands of Peru or Chile (11). Domestic guinea pigs also
have increased hemoglobin oxygen binding efficiency, which has been partially attributed
to the substitution of a conserved proline residue by a histidine (H44) in the hemoglobin
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alpha subunit. This amino acid substitution also occurs in all seven wild guinea pigs and
cavies, suggesting an ancestral origin rather than a recent high-altitude adaptation restricted
to the C. porcellus lineage.
Intrageneric divergence dates among the Caviinae were estimated to range from 4
to 5.1 MYA, which is consistent with a montane evolutionary radiation following the final
uplift of the Andes. HIF pathway genes independently were positively selected in three
species (C. porcellus, C. tschudii, M. niata), and PSGs were enriched for GO biological
processes related to hypoxia, including the ‘cellular response to hypoxia’, ‘oxygen
homeostasis’, and ‘vasculogenesis.’ In each of the three high-altitude wild species (C.
tschudii, M. niata, G. comes) we found additional genes that have been previously
identified as hypoxia responsive in experimental studies, These genes have never been
observed in wild high-altitude species, and provide compelling targets for future functional
studies. Together, we highlight signatures of high-altitude adaptation in both shared and
unique pathways across the three high-altitude species and the domestic guinea pig, and
show that careful consideration must be paid to the evolutionary origins of domesticated
species, such as the guinea pig, when assessing their suitability as biomedical models for
diseases related to hypoxia and other stressors.

METHODS
Biological samples and DNA isolation
Frozen tissue samples from voucher specimens were acquired from the Museum of
Southwestern Biology (MSB), Museum of Vertebrate Zoology (MVZ), and Texas A&M
University

(AK) (Supplementary Table 1). Samples included

(MSB:Mamm:235123),

Cavia

tschudii

(MSB:Mamm:234762),

Cavia

aperea

Galea

comes

(MSB:Mamm:140412), Galea leucoblephara (MSB:Mamm:235509), Galea spixii
(MVZ197805),

Microcavia

australis

(AK13485),

Microcavia

niata

(MSB:Mamm:265517). DNA was extracted using a Qiagen MagAttract HMW DNA
extraction kit according to manufacturer’s protocols.
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Genome sequencing and assembly
Libraries were constructed using Illumina TruSeq DNA PCR-Free Library Preparation kits
according to manufacturer’s protocols, and 150 bp paired-end sequencing was performed
on an Illumina HiSeq X Ten sequencer. Low quality reads (<Q20) were filtered out using
the NGSQCToolkit (v2.3.3) (47) with ‘-l 70 -s 20’ options. Filtered data were mapped to
the guinea pig (Cavia porcellus) reference genome (Cavpor3.0), duplicated reads were
removed, and reads were realigned using the Sentieon DNAseq toolkit with default options
(version 201711.02) (48, 49). Consensus sequences were constructed using the Samtools
(v1.1) and BCFtools (v1.1) packages (50) with vcfutils options ‘-d 5 -D 10000’. CDS
sequences from the consensus sequences were extracted using the guinea pig reference
GFF file. CDS sequences with ³ 5% of Ns were filtered out.

Orthologous gene clustering and evolutionary analyses
Orthologous gene families among the guinea pig (Cavia porcellus, Cavpor3.0), mouse
(Mus musculus, GRCm38.p6), rat (Rattus norvegicus, Rnor_6.0), and human (Homo
sapiens, GRCh38.p12) were identified using OrthoMCL (v 2.0.9) (51). The seven wild
cavy consensus sequences were added by matching the gene IDs to the reference guinea
pig clustered orthologs, resulting in 8,076 single copy orthologs shared among all 11
species. For phylogeny construction, multiple sequence alignments (MSA) were performed
using MUSCLE (version 3.8.31) (52), and all alignments without gaps were input into
RAxML (53). Phylogenies were constructed using the PROTGAMMA-JTT model with
1000 bootstraps. Divergence times were estimated using MCMCtree in the PAML package
(28) with calibration points from the TimeTree database (54) (Mus musculus - Cavia
porcellus: 67-79 MYA; Cavia porcellus - Galea spixii: 14-22 MYA). The demographic
histories of C. aperea and C. tschudii were estimated using the Pairwise Sequentially
Markovian Coalescent (PSMC) model (55) with a generation time of 0.25 years and
mutation rate of 2.2 × 10−9 per base pair per year (56). Positively selected genes were
inferred using the branch and branch-site models in the CodeML program in the PAML
package (28) using multiple sequence alignment results from the PRANK program (57).
Each of the high-altitude species were set as foreground, with the remaining 9 or 10 species
(without and with human) set as background (Supplementary Data).
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FIGURES

Figure 1. Guinea pig phylogeny and range map. A. Maximum likelihood phylogenetic
tree generated using 8,076 single copy orthologs shared among the species with bootstrap
values listed at the nodes. Terminal branches were colored using mean elevations with
ancestral states estimated using maximum likelihood. The domestic Cavia porcellus
lineage is not colored. B. Map of entire species ranges with locality for each sequenced
individual and associated elevation shown with a dot.
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Figure 2. Historical demography. Demographic history of seven wild species was
analyzed by PSMC with a generation time of 0.25 years and mutation rate of 2.2 × 10−9 per
base pair per year.
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Figure 3. HIF pathway PSGs and hemoglobin alpha subunit (HBA) alignment. A.
Diagram of the five HIF pathway genes identified as positively selected in C. porcellus
(blue or purple), C. tschudii (red or purple), and M. niata (turquoise). The role of these
genes under both normoxia and hypoxia is shown. B. Protein alignment of hemoglobin
alpha subunit (HBA) across the study species. Substitution of the conserved proline to
histidine (P44 to H44) is shared in all eight species of guinea pigs and outlined in red.
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ABSTRACT
Native to the mountains of East Asia, the long-tailed goral (Naemorhedus caudatus) is a
vulnerable wild ungulate in the tribe Caprini. To understand key conservation issues related
to fragmentation and subsequent endangerment of this montane species, we sequenced and
analyzed the genome of a long-tailed goral to explore historical demography, contemporary
levels of genetic diversity, and potential immune response. When compared to ten
additional mammalian reference genomes, we identified 357 positively selected genes
(PSGs) in the long-tailed goral and 364 PSGs in the Caprini lineage. Gene Ontology
analyses showed statistical enrichment in biological processes related to immune function
and in genes and pathways related to blood coagulation. We also identified low levels of
heterozygosity (0.00114) in the long-tailed goral along with decreases in population size
relative to other species of Caprini. Finally, we provide evidence for positive selection on
the muscle development gene myostatin (MSTN) in the Caprini lineage, which may have
increased the muscle development and climbing ability in the caprine common ancestor.
Low effective population size and decreased heterozygosity of the long-tailed goral raise
conservation concern about the effects of habitat fragmentation, over harvest, and
inbreeding on this vulnerable species.

INTRODUCTION
The long-tailed goral (Naemorhedus caudatus), also known as the Amur goral, is a small
goat-like ungulate that has been classified as Vulnerable by the International Union for
Conservation of Nature (IUCN) and Endangered by the South Korean Ministry of
Environment 1. While bovid taxonomy has been historically challenging to resolve, gorals
are now recognized as members of the Caprini tribe of the subfamily Antilopinae, within
the diverse and widespread Bovidae family. Caprines are thought to have originated in the
late Miocene roughly 11 million years ago (MYA) in the mountainous archipelago between
the Mediterranean and Paratethys Seas 2. About that time, the caprine common ancestor
evolved shortened metacarpals ideally suited for climbing, allowing it to colonize new
ecological niches associated with steep mountains that were not occupied by other large
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herbivores 2. As a result, caprines rapidly radiated across the mountain ranges of the
Northern Hemisphere and now include 62 species in 14 genera 3.
The genus Naemorhedus is comprised of six species of gorals that inhabit the
mountains of Asia 3,4. Long-tailed gorals are adept climbers that inhabit steep rocky slopes
1

and are found in the rugged mountainous forests and shrublands of the Korean peninsula,

eastern Russia (Primorsky and Khabarovsk Territories), and northeastern China 5. In
Korea, the long-tailed goral ranges throughout the Taebaek and Sobaek mountains,
spanning elevations from sea level to 2,000 m. They are diurnal browsers that feed on
grasses, shoots, leaves, nuts, and fruits and occur in small groups of 4-12 individuals with
a group home range of roughly 40 hectares 1. Previous studies of goral populations in Korea
have shown a preference for steep slopes as a defense against predators, though they were
observed to descend to lower habitats during periods of heavy winter snow when vegetation
is unavailable at higher elevations 6-8. Various serious diseases have been described in both
wild and captive populations of long-tailed gorals 9, and deaths due to taeniasis parasites
(tapeworms), pneumonia, gastroenteritis, and hepatitis have been reported in captive
individuals 10. Surveys of a Russian population of long-tailed gorals identified more than
30 species of helminth parasites 11-13, which result in massive infections that can cause the
death of the host, as occurred in 1937 when all ten long-tailed gorals sent from the
Lazovsky Nature Reserve to the Moscow Zoo died within eight months of their arrival 11.
In addition, extremely high gastrointestinal helminth parasite loads were also reported in
closely related N. goral captive individuals, and mixed endoparasite infections were seen
in the majority of the wild animals examined 14.
The long-tailed goral was internationally classified as Vulnerable in 2008 due to
over-exploitation by hunters and habitat destruction and degradation 1,15, and is protected
in the Republic of Korea as both an endangered wild species and as a designated national
monument through the Cultural Heritage Administration 15. Despite its protected status, the
long-tailed goral continues to be poached for meat and traditional medicine 1. Its range has
significantly decreased over the last century, with the majority of individuals now
occupying the Russian and Korean coast of the East Sea4. Deforestation from timber
operations, along with increased human encroachment and agricultural expansion, have
fragmented populations and heightened concerns of inbreeding depression and reduced
27

effective population size 16-18. Population surveys in 2002 found a significant decline in the
South Korean population with a total of 690-784 extant individuals
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. Microsatellite

studies of South Korean long-tailed goral populations have shown populations along the
Taebaek Mountains to be genetically distinct with lower genetic diversity in wild
individuals from the southern group relative to the northern group 20. Furthermore, surveys
in Russia in the early 20th century estimated roughly 2,000 individuals, which have since
been reduced to about 900 individuals 4,21. The species is believed to be almost extinct in
China 22,23. Across its range, it is now missing from many areas of its original occurrence;
and only six subpopulations currently have more than 100 individuals, while many of the
other localities only contain a few animals 4. Taken together, the recent range loss and
population declines raise heightened concerns about the future of this species.
To better understand genome evolution and the demographic history of the longtailed goral, and to provide a foundation for future conservation studies, we generated and
analyzed the whole genome sequence (WGS) of a wild individual from the northern
Taebaek Mountains in the Republic of Korea. We compared the genetic diversity of the
long-tailed goral to other close species of Caprini and then performed demographic
modeling to infer historical population structure. We also compared the long-tailed goral
genome to the reference genomes of seven other bovids (goat, sheep, mouflon, Tibetan
antelope, bison, cattle, and yak) and three distantly related mammals (human, pig, and
horse) to characterize environmental adaptations present in the long-tailed goral and the
caprine common ancestor.

RESULTS & DISCUSSION
Long-tailed goral whole genome sequencing
A blood sample of a wild long-tailed goral from the northern range of the Taebaek
Mountains in the Republic of Korea (Fig. 1) was collected through the Association of
Korean Goral Conservation. Genomic DNA was sequenced using the Illumina HiSeq2000
platform, from which we obtained 430 million (M) paired reads (Additional file: Table S1).
A K-mer analysis (K = 17) was performed using the long-tailed goral whole genome
sequences, from which we estimate the genome to be ~3.27 Gb. The reads were then
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mapped to the closely related sheep (Ovis aries) reference genome. In total, 94% of the
WGS reads were aligned to the sheep genome and yielded a 27x depth of coverage. Using
the aligned reads, a variant analysis identified 55 M single nucleotide variants (SNVs)
between the long-tailed goral and the sheep. To quantify the genomic effects of possible
inbreeding depression resulting from habitat fragmentation and isolation in this species, we
examined the proportion of heterozygous SNVs. In total, the variant composition included
52,621,471 (94.71%) homozygous and 2,936,977 (5.29%) heterozygous SNVs. The
heterozygous SNVs were replaced by “N” and the homozygous SNVs were used to
construct a 2.61 Gb consensus sequence, which we used to predict 18,690 genes with
98.6% of the coding sequence (CDS) regions having a read depth greater than or equal to
five.

Evolutionary relationships of the long-tailed goral inferred by phylogenomic
analysis
For comparative evolutionary analyses, ten mammalian reference genomes were
downloaded and analyzed to infer the evolutionary history of the long-tailed goral.
Included were four additional members of the Caprini tribe in the Antilopinae subfamily
(goat, sheep, mouflon, and Tibetan antelope), three members of another bovid subfamily,
Bovinae, in the tribe Bovini (bison, cattle, and yak), and three distantly related mammals
(horse, pig, and human). To reveal evolutionary relationships among the orthologous
genes, we constructed orthologous gene clusters with these ten reference mammalian
genomes. A total of 28,661 ortholog clusters were identified, with 7,533 (26.3%) clusters
shared by all ten of the reference mammals. Of these, 5,279 (70.1%) were also single-copy
long-tailed goral orthologs. Divergence times were calculated using 656,303 fourfold
degenerate sites in the single-copy orthologous gene families (Fig. 2). Phylogenomic
analyses showed a deep divergence of the Bovidae from the Suidae roughly 57.9 million
years ago (MYA), consistent with previous findings 24. Divergence of the Antilopinae and
Bovinae subfamilies within Bovidae was dated to 14.1 MYA and is close to previous
estimates (17.6-15.1 MYA)

25

. The Tibetan antelope is the sole species in the genus

Pantholops and its classification has historically been disputed 26. Recent genetic work has
reassigned it from Antilopini, where it was traditionally placed, to the Caprini tribe where
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it is sister to all other caprine species 3,5,27,28. While our phylogeny did not include genomes
from other Antilopinae tribes, we estimated that the Caprini (goat, sheep, mouflon, and
Tibetan antelope) shared a most recent common ancestor (MRCA) 6.38 MYA. That date
is notable because it is much younger than the proposed 14 MYA split between the Caprini
and Antilopini

25

, lending genomic support to the previous genetic-based assignment of

Pantholops to Caprini.

Positively selected genes in the long-tailed goral and caprines
To gain insight into potential environmental adaptations that evolved in the long-tailed
goral and in the Caprini common ancestor, we analyzed the 5,279 single-copy orthologous
genes across our eleven species to infer genes that experienced positive selection in these
lineages. In the long-tailed goral, we identified 218 and 153 PSGs by applying the branch
and branch-site models, respectively (Additional file: Table S2 and S3). Gene Ontology
(GO) enrichment analyses of the long-tailed goral PSGs against the Caprini species Ovis
aires (sheep) as a background revealed nine biological processes related to immune
function (Additional file: Table S4 and S5). In addition, six KEGG pathways related to
immune function were found to be statistically enriched in the long-tailed goral (Additional
file: Table S6 and S7). Previous analyses of evolutionary rate differences across
mammalian genomes have reported rapid evolution in immune function, particularly in
genes related to the innate immune response 29.
As critical components of the immune response, Type 2 T helper cells (TH2) are
believed to have evolved to combat extracellular parasites and are the primary immune
response to helminthiasis

30-33

, which has been shown to cause mortality among captive

gorals 14. Among the TH2 PSGs identified in the long-tailed goral, interleukin 5 (IL5) is a
TH2 cytokine known to play critical roles in the immune response to extracellular parasitic
infections. Numerous studies of IL5 mouse knockouts have shown this cytokine to be
critical to both primary and secondary immune responses to helminthiasis from a variety
of nematode species

34-36

. Also of interest, the PSG C-C motif chemokine ligand 25

(CCL25) has been previously shown to play a critical role in the immune response to
Trichuris (whipworm) by targeting lymphocytes to the small intestine 37. Infections by both
intracellular and extracellular pathogens can also cause tissue damage; either from the
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antimicrobial Type 1 T helper (TH1) response which results in collateral tissue damage, or
by physical trauma caused by helminths entering, exiting, and migrating through the host.
As a result, wound healing and angiogenesis are critical components of the host response
to infection 38. In addition to the increased wound healing mediated by over-expression of
IL5 39, several other long-tailed goral PSGs are involved in these pathways and processes.
Among them is the colony-stimulating factor 2 (CSF2), which promotes the maturation of
macrophages in lung and gut epithelium and is essential for the recruitment of innate
immune cells to damaged tissues 40. We also observed seven other long-tailed goral PSGs
in additional pathways involved in wound healing, including: Notch (ITCRA), WNT
(CSNK2B, FOSL1, and RUVBL1), and NF-κB signaling (BCL10, CSNK2B, and TNFAIP3).
Finally, we identified numerous PSGs involved in the TH1 response to viral and bacterial
infections (Additional file: Table S5-S8). In particular, interleukin 12 (IL-12) is a cytokine
that induces TH1 differentiation, and the ‘positive regulation of interleukin-12 production’
GO biological process (GO:0032735) was identified as statistically enriched (p-value:
0.01). Furthermore, the bactericidal/permeability increasing fold containing family A
member 1 (BPIFA1) was positively selected, which is known to be expressed in the upper
airways and plays a critical role in the inhibition of biofilm formation by pathogenic gramnegative bacteria such as Pseudomonas aeruginosa and Klebsiella pneumoniae 41.
To investigate adaptive evolution in the caprine common ancestor, we also
analyzed the amino acid substitutions that were exclusively present in all members of the
Caprini tribe (goat, sheep, mouflon, Tibetan antelope, long-tailed goral). From these, a total
of 235 and 154 PSGs were detected using branch and branch-site models, respectively
(Additional file: Table S8 and S9). Similar to the long-tailed goral, GO enrichment analyses
of the Caprini PSGs showed numerous biological processes, molecular functions, and
KEGG pathways related to both adaptive and innate immune function (Additional
file:Table S10-S13). Of the PSGs in the innate response, the cytokines interleukin 4 (IL-4)
and interleukin 33 (IL-33) are essential components of the TH2 immune response to
helminths

42-48

. Additional positively selected genes consist of other cytokines and

chemokines, including TNF, CXCL13, and CD34, which play critical roles in the
recruitment of immune cells to injured tissues

49

. Furthermore, IL-17F recruits dermal

innate immune cells during the inflammation and cell proliferation phases of wound
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response 50; and fibroblast growth factor1 (FGF1) is known to stimulate angiogenesis and
tissue repair and to induce the proliferation of keratinocytes 51, which are required for the
final stage of wound healing.

Non-synonymous amino acid substitutions possibly confer selective advantages
The codon models for detecting positive selection may fail to detect genes that are
positively selected if there are too few amino acid substitutions across a given gene 52. To
overcome this limitation, we examined function-altering amino acid changes in singlecopy orthologues to provide a more robust examination of the environmental adaptations
of the long-tailed goral and Caprini. By aligning the 5,279 single copy orthologous genes
from the eleven mammalian genomes, we investigated the amino acid substitutions among
these species. We identified 3,802 unique amino acid substitutions (uAAS) in the longtailed goral from 2,061 proteins (Additional file: Table S14). We then estimated the
functional effects of these unique long-tailed goral substitutions using the programs
PolyPhen2 53 and PROVEAN 54. In total, PolyPhen2 predicted 1,582 (41.61%) amino acids
as “possibly or probably damaging” and PROVEAN predicted 1,583 (41.63%) amino acids
as “deleterious”. Of these, 1,341 (65.07%) proteins contain function-altering uAAS
specific to the long-tailed goral as predicted by at least one program. Similarly, we
identified 6,543 uAAS unique to the Caprini lineage in a total of 2,744 proteins (Additional
file: Table S15). Among them, 1,859 (28.41%) and 2,131 (32.08%) uAAS were predicted
as function-altering by the PolyPhen2 or PROVEAN, respectively, in a total of 1,594
(58.09%) proteins.
To investigate the biological significance of these substitutions, we identified the
KEGG pathways associated with the function-altering uAAS. In total, 187 (14.04%)
proteins with unique long-tailed goral substitutions and 447 (51.68%) proteins with Caprini
specific uAAS were mapped to 103 and 275 KEGG pathways, respectively (Additional
file: Table S16). KEGG enrichment analyses of these two gene sets revealed a number of
pathways related to immune function, RNA transport and biosynthesis, DNA repair, and
cellular metabolism (Additional file: Table S17 and S18). Of particular interest in the
Caprini are ‘Cytokine-cytokine receptor interaction’, ‘NF-κB signaling pathway’,
‘Apoptosis’, ‘Sphingolipid signaling pathway’, and ‘Complement and coagulation
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cascades’ (Table 1). The pathway involved in ‘Cytokine-cytokine receptor interaction’
included 38 proteins containing unique Caprini uAAS. Of these, six additional tumor
necrosis factor (TNF) family members were included over the three identified by the PSG
KEGG enrichment (TNF, TNFRSF8, TNFRSF21). They were comprised of four TNF
ligand superfamily members (TNFLSF4, 9, 10, and 15) and three TNF receptors
superfamily members (TNFRSF1A, 9, 19). In addition, we identified five cytokines
involved in hematopoiesis: the ciliary neurotrophic factor (CNTF), granulocyte colonystimulating factor 3 (CSF3), interleukin 9 (IL9), and two interleukin receptors (IL23R,
IL15RA); five chemokines: four C-C motif ligands (CCL4, CCL27, CCR1, CCR9) and
one C-X-C motif ligand (CXCL9); and other minor cytokines: interferon kappa (IFNK),
interleukin 26 (IL26), and interleukin 1 receptor type 1 (IL1R1). Also included as an
enriched KEGG pathway related to immune function was ‘Complement and coagulation
cascades’ (Additional file: Table S18). Our KEGG enrichment analyses of Caprini PSGs
previously identified this pathway as enriched with four genes (KNG1, MBL2, TFPI, CFI)
(Table S12). Added to this, our functional analysis yielded an additional four proteins for
complement cascade (C1QA, C1QC, C5AR1, and C8B) and seven proteins related to blood
coagulation (SERPINC1, F5, F2RL2, PLAUR, PLAU, PLAT, and FGG), which may be
related to adaptation to steep and rugged habitats.

Structural analysis of myostatin protein provides evidence for increased
muscle development in Caprini
We observed nine Caprini-specific uAAS in MSTN, encoding the growth differentiation
factor myostatin (Table 2). This protein is known to negatively regulate skeletal muscle
mass by binding to the activin receptor type IIB (ACVR2B)

55,56

, and humans and other

mammals with loss of function mutations that block the activity of myostatin have
significantly more muscle mass than those with functional proteins

57-63

. To assess the

impact of the Caprini uAAS on the function of this protein, we constructed a structural
model of myostatin interacting with the receptor ACVR2B (Fig 3) and estimated the
cumulative stability changes of the Caprini myostatin uAAS by calculating the change in
binding free energy (ΔΔGBind) (Table 2). Among nine function-altering uAAS identified
in Caprini, three amino acids physically interact with ACVR2B. Our simulations showed
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that the total binding energy was slightly increased by substituting these three Caprini
uAAS. The resulting decrease in binding affinity between myostatin and ACVR2B in the
Caprini may contribute to the increased muscle mass that has allowed this group to
successfully inhabit steep, mountainous terrains; and warrants future experimental testing.

Genetic diversity and population history
Deeply sequenced genomes allow for the identification of heterozygous positions and an
estimation of the historical population structure64. Nucleotide diversity for Caprini and
Bovidae species was calculated by dividing the number of heterozygous sites by genome
size (Additional file: Table S19). Nucleotide diversity of long-tailed goral was significantly
lower (0.00113) than mouflon (0.00379) and slightly higher than the Tibetan antelope
(0.00079), which underwent a severe population bottleneck in the 1980’s 65. Interestingly,
the nucleotide diversity of the long-tailed goral was also lower than the domestic sheep
(0.00298) and goat (0.00189), both of which are expected to show signatures of inbreeding
associated with artificial selection (Additional file: Table S19). To further compare genetic
diversity and infer the demographic histories of our five Caprini species, we used the
Pairwise Sequentially Markovian Coalescent (PSMC) model 66. Population sizes of all of
the Caprini species, except the long-tailed goral, fluctuated over the past million years,
while the long-tailed goral showed an overall decline (Fig 4). Notably, sheep and mouflon
maintained a similar pattern until about 100,000 years ago, and the effective population
sizes of these species both peaked approximately 1.0 MYA. The two domesticated Caprini
(sheep and goat) showed secondary expansions at 100 KYA and 70 KYA, respectively,
which were tightly linked with atmospheric surface air temperature (Tsuf); while the
effective population size for the long-tailed goral and Tibetan antelope did not significantly
increase around these times. In contrast about 30 KYA, the effective population size of the
long-tailed goral increased slightly and the Tibetan antelope increased substantially,
followed by declines in both species; though this date estimate occurs near the edge of the
accuracy range for this test. In conjunction with the observed population decline in longtailed goral, these findings suggest a need to review’s IUCN conservation status of this
species and stress the importance of conservation and monitoring efforts.
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CONCLUSIONS
We produced a mapping-based whole genome sequence assembly of the endangered longtailed goral by aligning 87 Gb of next-generation sequencing data to the closely related
sheep genome. Using these data and ten publically available reference genomes, we
produced a phylogeny dating the Antilopinae/Bovinae divergence to 14.1 MYA.
Consistent with previous observations of serious infectious diseases and high parasite loads
in long-tailed goral populations, evolutionary analyses of the long-tailed goral genome and
the Caprini lineage identified positively selected genes in enriched GO and KEGG
pathways related to immune function and blood coagulation; highlighting the importance
of ongoing evolution in both the adaptive and innate immune responses in these groups.
Together with previous mortality reports, these findings emphasize the need for additional
studies to characterize the role of infectious disease and parasitism across extant
populations of N. caudatus; which can be used to better inform management and
conservation efforts. We hope that this analysis will stimulate comparative genomic studies
aimed at investigating host-parasite co-evolutionary immune responses, potentially leading
to targeted treatment strategies. We also identified the muscle development gene MSTN to
be positively selected in the Caprini lineage and discovered three amino acid substitutions
that decrease binding affinity between myostatin and its receptor ACVR2B. We speculate
that these substitutions may have played a role in increasing muscle mass and, by proxy,
climbing ability of the caprine common ancestor that warrants further functional
investigation. Finally, we discovered lower levels of heterozygosity in the long-tailed goral
than in other Caprini species, as well as an historical trend of population decline. These
findings reinforce concerns over habitat fragmentation and genetic isolation in this species,
suggesting that the IUCN status of the long-tailed goral should be re-evaluated. This
foundational genome should stimulate future conservation genetic studies of this enigmatic
endangered species.
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METHODS
Whole genome sequencing and alignment
A blood sample from a six year old male long-tailed goral was acquired from the
Association of Korean Goral Conservation under the Cultural Heritage Administration 217
(Korea) Permit. Genomic DNA was extracted using a QiAamp DNA Mini kit (Qiagen, CA,
USA) and quantified using an Infinite F200 Pro NanoQuant (TECAN, Männedorf,
Germany). Libraries were prepared using an Illumina TruSeq kit (Illumina, CA, USA)
according to the manufacturer’s instructions with an average insert size of 388 bp. 100 bp
paired-end sequencing was completed using an Illumina HiSeq2000 with v. TrueSeq Kit
v3 chemistry at the Korea Research Institute of Bioscience and Biotechnology (KRIBB).
The raw sequence data were deposited in the Sequence Read Archive (SRP098771).
Adapters were trimmed and reads below Q20 were removed. The genome size was
estimated using these filtered reads and the JELLYFISH67 program with a 17 k-mer. Both
filtered and non-filtered reads were aligned to the sheep genome assembly Oar_v4.0 using
BWA-MEM (ver. 0.7.10) with default options
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(Additional file: Table S1). Using the

unfiltered mapped reads, due to a higher mapping depth, the rmdup command of SAMtools
(ver. 0.1.19) was used to remove PCR duplicates 69, the GATK (ver. 3.3) IndelRealigner
algorithm was used to realign reads 70, and SNVs were called using the mpileup command
of the SAMtools with the default option followed by the view command with the -cg
option. Finally, consensus sequences were generated using vcf2fq with -d 5 options in the
SAMtools package. From the consensus genome of the long-tailed goral, 18,690 genes
were constructed based on the Ovis aires gene models.

Orthologous gene clustering and phylogenomic analysis
Reference genomes for the goat (Capra hircus, CHIR_1.0), sheep (Ovis aries, Oar_v4.0),
mouflon (Ovis aries musimon, Oori1), Tibetan antelope (Pantholops hodgsonii, PHO1.0),
bison (Bison bison bison, Bison_UMD1.0), cattle (Bos taurus, Bos_taurus_UMD_3.1.1),
yak (Bos mutus, BosGru_v2.0), horse (Equus caballus, EquCab2.0), pig (Sus scrofa,
Sscrofa10.2), and human (Homo sapiens, GRCh38.p7) were downloaded from NCBI. To
compare the long-tailed goral genes with protein sequences from these reference genomes,
we constructed orthologous gene clusters using OrthoMCL 2.0.9
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, by matching and

adding the long-tailed goral genes to the orthologous clusters of the sheep genes. For the
ten reference genomes, we compared the single-copy and multi-copy orthologs, as well as
unclustered and paralogous genes (Supplemental Figure 1). To construct a phylogenetic
tree, we used the 656,303 fourfold degenerate sites in the single-copy orthologous genes.
A maximum likelihood phylogeny was then generated using RAxML
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with the

GTRGAMMA evolutionary model and 100 bootstrap replicates. The divergence time was
then calculated using MEGA7 program 73 with maximum likelihood statistics and a JukesCantor evolutionary model, along with the previously determined phylogenetic tree
topology. The calibration times of horse-pig divergence (78.4 MYA) and human-horse
divergence (97.5 MYA) were taken from the TimeTree (http://www.timetree.org) 73.

Identification of positively selected genes (PSGs)
The PRANK program was used to align the orthologous genes 75, and branch and branchsite models were used to identify PSGs. To exclude poorly aligned sequences, only
alignments greater than 150 nucleotides were used for PSGs calculations. Alignment files
can be downloaded at https://github.com/okokookk/LongTailedGoral. The CODEML
program from the PAML 4.5 package was used to estimate rates of synonymous (dS) and
nonsynonymous substitutions (dN), and general selective pressures acting on all species
were estimated by applying the dN/dS ratio (ω) for the branch model 76. PSGs were detected
using the branch-site model using the dN/dS ratio along each branch and applying a
conservative 10% false discovery rate (FDR) for the likelihood ratio tests (LRTs) 77. To
analyze the long-tailed goral PSGs, we set the genes of long-tailed goral as the foreground
branch, with those genes in other species set as background. The foreground branch for the
caprines included all five Caprini species (long-tailed goral, goat, sheep, mouflon, Tibetan
antelope), with the six remaining species set as background. The DAVID bioinformatics
resources tool was used to identify GO and KEGG pathway enrichment of the PSGs and
uAAS 77.

Functional effects of amino acid changes
uAAS were defined as amino acid substitutions that occurred in the target species, but no
other species, and no gaps were allowed at the sites. Functional effects of the unique amino
acid substitutions were predicted using the PolyPhen2 53 and PROVEAN v1.1 54 programs
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with the default cutoff values. KEGG pathways analyses were carried out using KAAS
(KEGG Automatic Annotation Server)

79

. As an additional functional analysis, we

performed computer modeling of the myostatin protein structure using SWISS-MODEL
80

, and a 3D structure of the ACVR2B protein was obtained from PDB database (PDB ID:

2QLU)
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. The ZDOCK program
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was used to construct the ACVR2B and myostatin

complex protein structures, and the BeAtMuSiC program

83

was used to evaluate the

change in binding affinity between two proteins.

Demographic history analysis
To infer the population history of the long-tailed goral, we applied the Pairwise
Sequentially Markovian Coalescent (PSMC) model for scaffolds ≥ 50 Kb in length. We
performed 100 rounds of bootstrapping and used 1.0e-08 substitutions per site per
generation as a mutation rate, and four years as a generation time as previously reported 66.
Nucleotide diversity in the Caprini was calculated by dividing the number of heterozygous
SNVs by the total sequence length of reference genome.

Availability of supporting data
Whole-genome sequence data were deposited in the SRA database at NCBI with
Biosample accession numbers SAMN06219541. The whole-genome sequence data can
also be accessed through BioProject accession number PRJNA361026.
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FIGURES

Figure 1. Distribution of long-tailed goral in Korea peninsula. The circles on the map
represent population densities of the long-tailed goral which were surveyed in 2002 by the
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Ministry of the Environment, Korea. A map was drawn by Hye Rim Ha with Adobe
Illustrator CC 2018. The black lines represent the Taback and Soback mountains which are
representative habitats of the long-tailed goral. The black triangle is the location of the
Association of Korea Goral Conservation, where we sampled.
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Figure 2. Phylogenetic relationships and divergence times. The phylogenetic topology
was constructed with the 5,279 single copy orthologues defined in this study using RAxML
(bootstrap support listed at nodes). The divergence times were estimated using four-fold
degenerate sites of one-to-one ortholog families using the program MEGA7. Animal
cartoons were freely downloaded from Pixabay (https://pixabay.com/en/) and were
modified by OC.
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Figure 3. The Caprini-specific amino acid change in the three-dimensional structure
of ACVR2B and myostatin. The ACVR2B and myostatin are colored by green and purple,
respectively. The five Caprini-specific amino acids that are located on non-interface region
are shown in purple, and the three Caprini-specific amino acids that locate on interface
region are in blue.
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Figure 4. Demographic history of the Caprini. Demographic history of Caprini was
analyzed by PSMC. g is generation time (years); µ, mutation rate per site per generation
time; Tsuf, atmospheric surface air temperature; RSL, relative sea level; 10 m.s.l.e., 10 m
sea level equivalent.
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TABLES
Table 1. Immune response genes with function-altering AASs
Pathway terms

Caprini-uAAS

Long-tailed goral-

Shared by two

uAAS

groups
-

Complement and

14 (VTN, CFI, F5, SERPINC1, PLAUR,

3 (VSIG4, C5AR1,

coagulation cascades

KNG1, C1QC, PLAU, PLAT, C1QA,

C8B)

TFPI, F2RL2, FGG, MBL2)
Chemokine signaling

7 (SHC4, CCL4, CXCL9,

3 (CCR8, NCF1,

4 (CCL2,

pathway

LOC105372280, CCR1, CCR9, CCL27)

STAT2, CXCR6)

CX3CR1,
CXCL16)

Hematopoietic cell

7 (GP1BA, CSF3, CD4, IL4, CD2, CD8B,

lineage

IL1R1)

2 (IL5, DNTT)

5 (IL7R, CD34,
IL1R2, FCGR1A,
MS4A1)

Toll-like receptor

6 (LBP, CCL4, CXCL9, CASP8, SPP1,

4 (IRF5, CD40,

signaling pathway

LY96)

TLR4, CD86)

Intestinal immune

4 (IL15RA, IL4, MAP3K14, CCR9)

5 (CD86, IL5, HLA-

network for IgA

DMB, HLA-DOA,

production

CD40)

Natural killer cell

7 (SHC4, TNFSF10, KLRD1, BID,

mediated cytotoxicity

CD244, PRF1, LCP2)

Leukocyte trans-

4 (PECAM1, CLDN20, CLDN25, F11R)

endothelial migration

1 (PIGR)

2 (TYROBP, FAS)

1 (IFNGR1)

3 (NCF1, JAM2,

2 (CLDN8, NCF2)

CLDN24)

Cytosolic DNA-

5 (ZBP1, POLR3D, IL33, CCL4,

sensing pathway

POLR3G)

Antigen processing and

4 (CD4, CD8B, KLRD1, LGMN)

presentation
T cell receptor

1 (IL12A)

-

3 (RIPK3, MAVS,
DDX58)

2 (HLA-DMB,
HLA-DOA)

5 (CD4, LCP2, IL4, CD8B ,MAP3K14)

1 (IL5)

-

-

2 (PLPP3, NCF1)

2 (SPHK1,

signaling pathway
Fc gamma R-mediated
phagocytosis
Fc epsilon RI signaling

FCGR1A)
3 (LCP2, IL4, FCER1A)

1 (IL5)

-

2 (TNFAIP3, CASP8)

1 (PSTPIP1)

1 (CCL2)

Platelet activation

3 (LCP2, FGG, GP1BA)

-

1 (MYLK2)

B cell receptor

2 (CD72, BLNK)

-

-

pathway
NOD-like receptor
signaling pathway

signaling pathway
Toll and Imd signaling

1 (CASP8)

pathway
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Table 2. Caprini specific amino acids on the myostatin
Other
Position

animals a

ΔΔGBind b
Caprini

Interface

PolyPhen2 c

PROVEAN c

(kcal/mol)

16

I

L

N/A

benign

neutral

48

T

N

N/A

benign

neutral

113

A

V

0.25

benign

deleterious

130

Q

E

1.17

benign

neutral

133

G

E

0.56

benign

deleterious

148

Y

H

0.92

O

benign

neutral

247

D

E

0.64

O

benign

neutral

333

R

K

0.04

benign

neutral

366

A

G

-0.34

benign

neutral

O

a

Other animals represent non-Caprini animals analyzed in this study, including Yak, Bison, Cow, Pig, Horse, Human

b

The negative sign in ΔΔGBind corresponds to a mutation predicted to increase the binding affinity.

c

Programs estimating the function-altering AASs
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CHAPTER 4: The jellyfish genome sheds light on the early evolution of
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SUMMARY
Unique among cnidarians, jellyfish have remarkable morphological and biochemical
innovations that allow them to actively hunt in the water column. One of the oldest
group of multicellular animals and the first to become free-swimming, jellyfish
employ pulsed jet propulsion and venomous tentacles to capture prey. To understand
these key innovations, we sequenced the genome of the giant Nomura’s jellyfish
(Nemopilema nomurai), and the transcriptomes of its medusa bell and tentacles.
Analyses of Nemopilema with other cnidarian genomes revealed adaptations
associated with the development of active swimming and mobile predation, marked
by codon bias in muscle contraction and the expansion of neurotransmitter genes.
Nemopilema showed a conservation in cellular chemical homeostasis and ion
transport function, probably reflecting the variable salinity of their habitats coupled
with the high demand for sodium ions created by their muscle contraction-based
method of locomotion. We also discovered expanded myosin heavy and light chain
genes, Wnt genes, posterior Hox genes, and venom domains, possibly contributing to
jellyfish mobility, medusa structure formation, and active predation, respectively.
Taken together, the jellyfish genome and transcriptomes genetically confirm their
unique morphological and physiological traits that have combined to make these
animals some of the world’s earliest and most successful predators.

55

LETTER
Cnidarians, including jellyfish and their predominantly sessile relatives the coral, sea
anemone, and hydra, first appeared in the Precambrian Era and are now key members of
aquatic ecosystems worldwide1. Between 500 and 700 million years ago, jellyfish
developed novel physiological traits that allowed them to become one of the first freeswimming predators. The life cycle of the jellyfish includes a small polypoid, sessile stage
which reproduces asexually to form the mobile medusa form that can reproduce both
sexually and asexually2. The class Scyphozoa, or true jellyfish, are characterized by a
predominant medusa life-stage consisting of a bell and venomous tentacles used for
hunting and defense3. Jellyfish medusae feature a radially symmetric body structure,
powered by readily identifiable cell types such as motor neurons and striated muscles that
expand and contract to create the most energy-efficient swimming method in the animal
kingdom4,5. Over 95% water, jellyfish are osmoconformers that use ion gradients to deliver
solutes to cells and tissues where sodium and calcium ions activate the muscle contractions
that power their propulsion. Notably, many jellyfish species can survive in habitats with
varying levels of salinity and are successful in low-oxygen environments, allowing them
to bloom even in dead zones6. These innovations have allowed them to colonize aquatic
habitats across the globe both in freshwater and marine environments, spanning the shallow
surface waters to the depths of the seas.
Here, we present the first de novo genome assembly of a jellyfish (Nemopilema
nomurai). The Nemopilema hybrid assembly shows the longest continuity among cnidarian
genomes (Extended Data Table 1), from which a total of 18,962 protein-coding genes were
predicted (Supplementary Note 3.2). Additionally, it recovered the highest number of
single-copy orthologous genes7 among all published non-bilaterian metazoan genome
assemblies. The combination of long and short DNA reads were used; PacBio SMRT and
Illumina TruSeq synthetic long read sequencing (TSLRs), and Illumina short read
sequencing (Extended Data Fig. 1 and Supplementary Notes 2.1, 2.2). It resulted in a 213
Mb genome comprised of 255 scaffolds and an N50 length of 2.71 Mb, containing only
1.48 % gaps (Extended Data Table 1). We compared the Nemopilema genome to other
cnidarian genomes to detect unique Scyphozoa function (active mobility), physical
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structure (medusa bell), and chemistry (venom and osmotic adaptation). We also performed
transcriptome analyses of Nemopilema, and the Sanderia malayensis jellyfish across tissue
types and developmental stages.
To identify jellyfish-specific evolutionary traits we examined gene family
expansions and contractions across one unicellular holozoan and eleven metazoans using
15,255 orthologous gene families. Of these, 7,737 were found in Nemopilema and 4,156
were shared by all four cnidarian genomes (Nemopilema nomurai, Hydra magnipapillata8,
Acropora digitifera9, and Nematostella vectensis10; Fig. 1a and Supplementary Note 4.1).
A phylogeny constructed using these orthologs revealed a monophyletic cnidarian clade
that diverged from the metazoan stem prior to the evolution of the bilaterians (Fig. 1b). The
Nemopilema genome contained 67 expanded and 80 contracted gene families compared to
the common ancestor of Nemopilema and Hydra (Fig. 1b and Supplementary Note 4.2).
Gene Ontology (GO) terms related to sensory perception were under-represented in the
Cnidaria lineage compared to Bilateria, accurately reflecting cnidarian’s less complex
sensory system. However, neurotransmitter transport function (GO:0005326, P = 1.66E16) was significantly enriched in Nemopilema compared to other cnidarians, likely due to
the balance and visual structures, such as the statocyst and ocelli, that are more elaborate
in the mobile medusa than in sessile polyps11.
Jellyfish have two primary muscle types: the epitheliomuscular cells, which are the
predominant muscle cells found in sessile cnidarians; and the striated muscle cells located
in the medusa bell that are essential for swimming. To understand the evolution of activeswimming in jellyfish, we examined their codon bias compared to other metazoans by
calculating the guanine and cytosine content at the third codon position (GC3)12,13
(Extended Data Fig. 2 and Supplementary Note 5.1). It has been suggested that genes with
high level of Guanine-Cytosine at the third codon position (GC3) are more adaptable to
external stresses (e.g., environmental changes)

14

. Among the high-scoring top 100 GC3

biased genes, the regulation of muscle contraction and neuropeptide signaling pathways
GO terms were specific to Nemopilema (Supplementary Data 3). Calcium plays a key role
in the striated muscle contraction in jellyfish, and the calcium signaling pathway
(GO:0004020, P = 5.60E-10) showed a high level of GC3 biases specific to Nemopilema.
Nemopilema top 500 GC3 genes were enriched in GO terms associated with homeostasis
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(e.g. cellular chemical homeostasis and sodium ion transport), which we speculate is
essential for the activation of muscle contractions that power the jellyfish’s mobile
predation (Supplementary Note 5.1). Since cnidarians have been reported to lack titin and
troponin complexes, which are critical components of bilaterian striated muscles, it has
been suggested that the two clades independently evolved striated muscles15. A survey of
genes that encode muscle structural and regulatory proteins in cnidarians showed a
conserved eumetazoan core actin-myosin contractile machinery shared with bilaterians
(Supplementary Note 5.3). However, like other cnidarians, Nemopilema lacks titin and
troponin complexes, which are key components of bilaterian striated muscles. Also,

-

syntrophin, a component of the dystroglycan complex, was absent in both Nemopilema and
Hydra. However, Nemopilema do possess

/β-Dystrobrevin and

/ε-Sarcoglycan

dystroglycan-associated costamere proteins, indicating that several components of the
dystroglycan complex were lost after the Scyphozoa-Hydrozoa split.
Jellyfish medusa bell and tentacles are morphologically distinct and perform
discrete physiological functions16,17. We generated bell and tentacle transcriptomes from
Nemopilema and the smaller Sanderia malayensis, which can be grown in the laboratory
and was also to assess developmental regulation (see Supplementary Notes 5.2, 7.1).
Enrichment tests of highly expressed genes showed that muscle-associated functional
categories (e.g. muscle myosin complex and muscle tissue morphogenesis) were enriched
in the bell (Fig. 2a and Supplementary Data 4). In particular, type II Myosin heavy chain
(MYH) and Myosin light chain (MYL) gene families were highly expressed in the bell,
and are closely associated with striated and smooth muscle cells15. Interestingly,
Nemopilema also showed the largest copy numbers of MYH and MYL genes among nonbilaterian metazoans (Fig. 2c and Extended Data Table 2), and six of the seven MYH genes
and 12 out of 21 MYL genes showed higher expression in the bell than the tentacles with
very high ~8.8 and ~17-fold increase on average, respectively (Fig. 2d). Conversely, gene
expression analyses of the tentacles revealed high RNA expression levels of
neurotransmitter associated functional categories (ion channel complex, postsynapse, and
neurotransmitter receptor activity; Fig. 2b); consistent with the anatomy of jellyfish
tentacles, which contain the sensory cells and a loose plexus of the neuronal subpopulation
at the base of the ectoderm18.
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There has been much debate surrounding the early evolution of body patterning in
the metazoan common ancestor, particularly concerning the origin and expansion of Hox
and Wnt gene families. In total, 83 homeodomains were found in Nemopilema, while 41,
120, and 148 of homeodomains were found from Hydra, Acropora, and Nematostella,
respectively (Supplementary Note 6.1). Five of the eight Hox genes in Nemopilema are of
the posterior type that are associated with aboral axis development19 and clustered with
Nematostella’s posterior Hox genes, HOXE and HOXF (Extended Data Fig. 3 and
Supplementary Note 6.2). Though absent in Hydra and Acropora, synteny analyses of
ParaHox genes in Nemopilema show that the XLOX/CDX gene is located immediately
downstream of GSX in the same tandem orientation as those in Nematostella, suggesting
that XLOX/CDX was present in the cnidarian common ancestor and subsequently lost in
some lineages (Supplementary Figure 6.2.3). Hox related genes, EVX and EMX, are also
present in Nemopilema, although they are absent in Hydra. Given the large amount of
ancestral diversity in the Wnt genes, it has been proposed that Wnt signaling controlled
body plan development in the early metazoans20. Nemopilema possesses 13 Wnt orthologs
representing 10 Wnt subfamilies (Supplementary Note 6.3). Wnt9 is absent from all
cnidarians, likely representing losses in the cnidarian common ancestor (Extended Data
Fig. 4). Cnidarians have undergone dynamic lineage specific Wnt subfamily duplications,
such as Wnt8 (Nematostella and Acropora), Wnt10 (Hydra), and Wnt11, and Wnt16
(Nemopilema). It has been proposed that a common cluster of Wnt genes (Wnt1–Wnt6–
Wnt10) existed in the last common ancestor of arthropods and deuterostomes21. Our
analyses of cnidarian and bilaterian genomes revealed that Acropora also possess this
cluster, while Neopilema and Hydra are missing Wnt6, suggesting loss of the Wnt6 gene in
the Medusozoa common ancestor (Supplementary Figure 6.3.1).
The polyp-to-medusa transition is prominent in jellyfish compared to the other
sessile cnidarians. To understand the genetic basis of the medusa structure formation in the
jellyfish, we compared transcriptional regulation between cnidarians and across jellyfish
developmental stages (Supplementary Note 7.2). Polyp-to-medusa metamorphosis was
previously shown to be strongly associated with CL390 and retinoid X receptor (RXR)
genes in the Aurelia aurita jellyfish22. Interestingly, CL390 was not found in Nemopilema
or other published cnidarians, suggesting that it may be an Aurelia-specific strobilation
59

inducer gene. However, we confirm that RXR is present in Nemopilema, and absent from
cnidarians without a prominent medusa stage (Supplementary Note 7.3). Retinoic acid
(RA) signaling plays a central role during vertebrate growth and development23, where it
regulates transcription by interacting with the RA receptor (RAR) bound to RA response
elements (RAREs) of nearby target genes24. Of the genes in the RA signaling pathway,
Nemopilema possess ADH and RALDH enzymes that metabolize retinol to RA, and RXR
and RAREs to activate transcription of the target gene (Fig. 3a). We discovered 1,630
Neopilema RAREs regions with an average distance of 13 Kbp to the nearest gene (Fig. 3b
and Supplementary Note 7.4). Interestingly, four posterior Hox genes of Nemopilema were
located within ±10 Kbp from RAREs, which is unique among the non-bilaterian metazoans
(Fig. 3c). Together these findings suggest that retinoic acid signaling was present in early
metazoans for regulating target genes with RXR and RAREs, and that RXR and RAREs
may play a critical role for polyp-to-medusa metamorphosis22.
Jellyfish produce complex mixtures of proteinaceous venoms for active prey
capture and defense25. We identified abundant toxin domains in Nemopilema when
compared to the non-bilaterian metazoan gene sets in the Tox-Prot database26. In total, 69
out of 136 toxin domains aligned to non-bilaterian metazoans; of these 69 toxin domains,
53 were found in Nemopilema (Supplementary Note 8). Compared to the common ancestor
of Nemopilema and Hydra, Nemopilema showed expanded gene families associated with
metallopeptidase activities (GO:0008237, P = 1.99E-16), which are critical to the
production of venom components27. Expectedly, the Nemopilema genome contains the
largest number of venom or toxin associated domains of the included non-bilaterian
metazoans. These domains include Reprolysin (M12B) family zinc metalloprotease
(PF01421), Kazal-type serine protease inhibitor domain (PF07648), phospholipase A2
(PF05826), and ShK domain-like (PF01549) domains (Fig. 4). Phospholipase A2 and
metalloprotease are well-characterized toxin-related enzymes found in the class
Scyphozoa27.
A unique branch on the tree of life, jellyfish have evolved remarkable
morphological and biochemical innovations that allow them to actively hunt using pulsed
jet propulsion and venomous tentacles. The Nemopilema nomurai genome has provided
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clues to the genetic basis of the innovative structure, function, and chemistry that have
allowed this distinctive early group of predators to colonize the waters of the globe.
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METHODS
Sample preparation
A medusa Nemopilema nomurai was collected at the Tongyong Marine Science Station,
KIOST (34.7699 N, 128.3828 E) on Sep. 12, 2013. The Sanderia malayensis samples were
obtained from Aqua Planet Jeju Hanwha (Seogwipo, Korea). The DNA and RNA
preparation of Nemopilema and Sanderia are described in the Supplementary Information.
Mitochondrial DNA phylogenetic analyses confirmed the identification of the Nemopilema
sample as Nemopilema nomurai. Detailed sample preparation information is presented in
Supplementary Note 1.1.

Genome sequencing and scaffold assembly
For the de novo assembly of Nemopilema, PacBio SMRT and five Illumina DNA libraries
with various insert sizes (400bp, 5 Kb, 10 Kb, 15 Kb, and 20 Kb) were constructed
according manufacturers’ protocols. The Illumina libraries were sequenced using a
HiSeq2500 with read length of 100 bp (400bp, 15Kb, and 20Kb) and a HiSeq2000 with
read length of 101bp (5Kb and 10Kb). Quality filtered PacBio subreads were assembled
into distinct contigs using the FALCON assembler28 with various read length cutoffs. To
extend contigs to scaffolds, we aligned the Illumina long mate-pair libraries (5 Kb, 10 Kb,
15 Kb, and 20 Kb) to contig sets and extended the contigs using SSPACE29. Gaps generated
by SSPACE were filled by aligning the Illumina short-insert paired-end sequences using
GapCloser30. We also generated TSLRs using an Illumina HiSeq2000, which were aligned
to scaffolds to correct erroneous sequences and to close gaps using an in-house script.
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Detailed genome sequencing and assembly process are provided in Supplementary Note
2.2.

Genome annotation
The jellyfish genome was annotated for protein-coding genes and repetitive elements. We
predicted protein-coding genes using a two-step process, with both homology and
evidence-based prediction. Protein sequences of the sea anemone, hydra, sponge, human,
mouse, and fruit fly from the NCBI database, and Cnidaria protein sequences from the
NCBI Entrez protein database were used for homology-based gene prediction. Two tissue
transcriptomes from Nemopilema were used for evidence-based gene prediction via
AUGUSTUS31. Final Nemopilema protein-coding genes were determined using
AUGUSTUS with exon (from homology-based gene prediction) and intron (from
evidence-based gene prediction) hints. Repetitive elements were also predicted using
Tandem Repeats Finder32 and RepeatMasker33. Details of the annotation process are
provided in Supplementary Notes 3.1 and 3.2.

Comparative evolutionary analyses
Orthologous gene clusters were constructed to examine the conservation of gene
repertoires among the genomes of the Nemopilema nomurai, Hydra magnipapillata,
Acropora digitifera, Nematostella vectensis, Caenorhabditis elegans, Danio rerio,
Drosophila

melanogaster,

Homo

sapiens,

Trichoplax adhaerens,

Amphimedon

queenslandica, Mnemiopsis leidyi, and Monosiga brevicollis using OrthoMCL34. To infer
a phylogeny and divergence times, we used RAxML35 and MCMCtree36, respectively. A
gene family expansion and contraction analysis was conducted using the Café program37.
Domain regions were predicted by InterProScan38 with domain databases. Details of the
comparative analysis are provided in Supplementary Notes 4.1-4.4.

Transcriptome sequencing and expression profiling
Illumina RNA libraries from Nemopilema and S. malayensis were sequenced using a
HiSeq2500 with 100bp read lengths. Since there is not a reference genome for S.
malayensis, we de novo assembled a pooled six RNA-seq read set using the Trinity
assembler39. Quality filtered RNA reads from Nemopilema and S. malayensis were aligned
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to the Nemopilema genome assembly and the assembled transcripts, respectively, using the
TopHat40 program. Expression values were calculated by the Fragments Per Kilobase Of
Exon Per Million Fragments Mapped (FPKM) method using Cufflinks43, and differentially
expressed genes were identified by DEGseq41. Details of the transcriptome analysis are
presented in Supplementary Notes 5.2 and 7.1.

Hox and ParaHox analyses
We examined the homeodomain regions in Nemopilema using the InterProScan program.
Hox and ParaHox genes were identified in Nemopilema by aligning the homeodomain
sequences of human and fruit fly to the identified Nemopilema homeodomains. We
considered only domains that were aligned to both the human and fruit fly. We also used
this process for Acropora, Hydra, and Nematostella for comparison. Additionally, we
added one Hox gene for Acropora and two Hox genes for Hydra, which are absent in NCBI
gene set, though they were present in previous study42,43. Hox and ParaHox genes of Clytia
hemisphaerica, a hydrozoan species with a medusa stage, were also added based on a
previous study44. Finally, a multiple sequence alignment of these domains was conducted
using MUSCLE45, and a FastTree46 maximum-likelihood phylogeny was generated using
the Jones–Taylor–Thornton (JTT) model with gamma option.

Wnt gene subfamily analyses
Wnt genes of Nematostella and Hydra were downloaded from previous studies20,47, and
those of Acropora were downloaded from the NCBI database. Wnt genes in Nemopilema
were identified using the Pfam database by searching for "wnt family" domains. A multiple
sequence alignment of Wnt genes was conducted using MUSCLE, and aligned sequences
were trimmed using the trimAl program48 with “gappyout” option. A phylogenetic tree was
generated using RAxML with the PROTGAMMAJTT model and 100 bootstraps.

Data availability
The jellyfish genome project has been deposited at DDBJ/ENA/GenBank under the
accession PEDN00000000. The version described in this paper is version PEDN01000000.
Raw DNA and RNA sequence reads for Nemopilema nomurai and Sanderia malayensis
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have been submitted to the NCBI Sequence Read Archive database. All other data can be
obtained from the authors upon reasonable request.

Supplementary Information is available in the online version of the paper.
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FIGURES

Figure 1 | Gene family relationships of cnidarian and metazoan species. a, Venn
diagram of the number of unique and shared gene families among four cnidarian genomes.
b, Gene family expansions and contractions in the Nemopilema genome. Numbers
designate the number of gene families that have expanded (red, +) and contracted (blue, -)
after the split from the common ancestor
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Figure 2 | Gene expression patterns of medusa bell and tentacle tissues and expansion
of myosin heavy chain genes in jellyfish. a, P-value heatmap of enriched GO categories
using highly expressed genes in medusa bell tissue. Greater than 2-fold and 4-fold higher
expression in medusa bell than tentacles are shown in each column. Only shared GO
70

categories between N. nomurai and S. malayensis are shown. b, P-value heatmap of
enriched GO categories using highly expressed genes in tentacle tissue. c, Unrooted LeGascuel model tree of myosin heavy chain genes using BLAST best hit method. d,
Expression pattern of MYH and MYL genes in Nemopilema. Genes that are not expressed
in both tentacles and medusa bell were excluded.
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Figure 3 | Retinoic acid signaling pathway and RAREs in Nemopilema. a, Schematic
of the retinoic acid signaling pathway in humans. Blue denotes presence of the gene and/or
element in Cnidaria. Red denotes presence only in Nemopilema among the published
cnidarians. b, The distribution of distances between the RAREs and the nearest gene. The
distance was calculated by identifying its proximity to transcription start site (TSS) of the
genes. The gene count was calculated for each non-overlapping 1 Kb bin across a range of
-100 Kb to 100 Kb. c, The RAREs located nearby posterior Hox genes in Nemopilema.
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Figure 4 | Phylogenetic analysis of venom related domains in non-bilaterian
metazoans. Five venom domains (PF01421, PF01549, PF07648, PF00068, and PF05826)
are represented in four circular dendrograms. Two phospholipase A2 domains (PF00068
and PF05826) were merged into one circular dendrogram (bottom right) and shadings on
branches and nodes (sky-blue) in phospholipase A2 denote the PF05826 domain.
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ABSTRACT
The endangered whale shark (Rhinocodon typus) is the largest fish on Earth and is a longlived member of the ancient Elasmobranchii clade. To characterize the relationship
between genome features and biological traits, we sequenced and assembled the genome
of the whale shark and compared its genomic and physiological features to those of 82
eukaryotic species. We examined scaling relationships between body size, temperature,
metabolic rates, and genomic features and found both general correlations across animal
evolution and features specific to the whale shark genome. Among animals, increased
lifespan is positively correlated to body size and metabolic rate. Several genomic features
also correlated significantly with body size, including gene length and intron length.
Furthermore, GC content and codon adaptation index were negatively correlated, and
neural connectivity genes are longer than average genes in most genomes. Within the whale
shark, we identified significant correlations between lifespan and several genome features.
Among these are very long gene length, due to large introns and an expansion of repetitive
elements such as CR1-like LINEs, and considerably longer neural genes of several types,
including connectivity, activity, and neurodegeneration genes. The whale shark’s genome
had an expansion of gene families related to fatty acid metabolism and neurogenesis, with
the slowest evolutionary rate observed in vertebrates to date. Together, our comparative
genomics approach uncovered general genetic features of animals, and showed that the
whale shark is a promising model for studies of neural architecture and lifespan.
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INTRODUCTION
Relationships between body mass, longevity, and basal metabolic rate (BMR) across
diverse habitats and taxa have been researched extensively over the last century, and have
led to a number of generalized rules and scaling relationships that explain the many of
physiological and genetic trends observed across the tree of life. However, while the largest
extant animals on the planet are aquatic, the impact of marine habitats on body size and
other physiological and genetic characteristics are only beginning to be discovered. In an
effort to better understand the selective pressures imposed on body size in marine
environments, studies of endothermic aquatic mammals have shown that selection for
larger body sizes has been driven by the minimization of heat loss (Gearty et. al 2018). In
ectothermic vertebrates, however, the relationship between environmental temperature and
body size is more complex. In these species, metabolic rate is directly dependent on
temperature, and decreased temperatures are correlated with decreased BMRs, decreased
growth rates, longer generational times, and increased body sizes (Atkinson, 1994;
Atkinson 2003).
The whale shark (Rhinocodon typus) is the largest extant fish, reaching lengths of
20 meters (m) (Chen 1997) and 42 tonnes (t) in mass (Hsu et. al 2014). While relatively
little is known about the growth and reproductive ecology of this species, the generation
time is thought to be 25 years (www.iucnredlist.org) and the lifespan has been estimated at
80 years (Hsu et. al 2014). Worldwide populations have been declining and the whale shark
has been classified as endangered species by the International Union for Conservation of
Nature (IUCN). Whale sharks are one of three species of filter-feeding sharks that use
modified gill rakers to sieve plankton and small nektonic prey from the water column, in a
convergent method to that of the baleen whales. But unlike the smaller basking shark
(Cetorhinus maximus) or megamouth shark (Megachasma pelagios) that inhabit colder
temperate waters with increased prey availability, whale sharks have a cosmopolitan
tropical and warm subtropical distribution and have rarely been sighted in areas with
surface temperatures less than 21°C (Colman 1997, Rowat and Brooks 2012, Sequeira et.
al 2014). Although whale sharks were long thought to be adapted to warm water, GPS
tagging studies have recently revealed that they routinely dive to mesopelagic and
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bathypelagic zones to feed. They are among the deepest diving animals, with recorded
dives to nearly 2,000 m (where the depth triggered the release of the tag) at water
temperatures of <4°C (Tyminski et. al 2015). Observations of increased surface occupation
following deeper dives has led to the suggestion that thermoregulation is a primary driver
for their occupation of the warmer surface waters (Colman 1997, Thums et. al 2013).
Unlike the tuna and lamnid sharks, which produce heat via increased muscle activity to
offset the cold, whale sharks are metabolically constrained by the high-food requirements
of their large body masses, their increased metabolic rates due to higher water
temperatures, and the lower prey availability of the oligotrophic tropical and subtropical
seas. The challenges posed by these cold temperatures are compounded by the whale
shark’s continuous ram filter feeding, which moves significant volumes of water over the
gill surfaces and increases the rate of cooling. Gigantothermy, or ectothermic
homeothermy, has been characterized in other large ectotherms such as the leatherback
turtle (Dermochelys coriacea) and ocean sunfish (Mola mola) (Paladino et. al 1990,
Nakamura et. al 2015), whose larger body masses and behavioral thermoregulation
strategies allow them to access the food resources in colder waters. Since larger body
masses retain heat for longer periods of time, the whale shark’s large body mass may
facilitate their dives to cold depths and could possibly play a role in metabolic regulation.
Body size, environmental temperature, metabolic rate, and generational time are all
correlated with variations in evolutionary rate (Martin and Palumbi 1993, Laird et. al
1969). Since many of these factors are interconnected, modeling studies were conducted
to quantify the relationship between rates of energy flux and genetic change. The resulting
model was able to predict observed evolutionary rate heterogeneity by accounting for the
impact of body size and temperature on metabolic rate (Gillooly et. al 2005), suggesting
that these factors together drive the rate of evolution through their effects on metabolism.
In line with these results, the coelacanth and elephant fish have the slowest reported
evolutionary rates (Amemiya et. al 2013, Venkatesh et. al 2014); and it is likely that whale
shark has a similarly slow rate of molecular evolution. Moreover, genome size and intron
size have also been linked to metabolic rate in a number of clades. Intron length varies
between species and plays an important role in gene regulation and splice site recognition.
In an analysis of amniote genomes, intron size was reduced in species with metabolically
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demanding powered flight and to be correlated with overall reductions in genome size
(Zhang and Edwards 2012, Kapusta et. al 2017). However, since most previous studies
were limited by poor taxonomic sampling and absence of genome data for the deepest
branches of the vertebrate tree of life, comprehensive comparative genomic analyses across
gnathostomes are necessary to gain a deeper understanding of the evolutionary significance
of the correlations between genome size, intron size and metabolic demands.
Here we sequenced and analyzed the genome of the whale shark and compared its
genome and biological traits across 82 eukaryotic species, with a focus on gnathostomes
such as fishes, birds, and mammals. In particular, we identified scaling relationships
between body size, temperature, metabolic rates, and genomic features, and found general
genetic and physiological correlations that span the animal kingdom. We also examined
characteristics unique to the whale shark and its slow evolving, large genome.

RESULTS & DISCUSSION
The whale shark genome
The DNA of a male R. typus individual from the Hanhwa Aquarium was sequenced to a
depth of 164× using a combination of Illumina short-insert, mate-pair, and TSLR libraries
(Supplementary Table 1 and 2). Sequence reads were assembled using SOAPdenovo2 (Luo
et. al 2012) and resulted in a 3.2 Gb genome with a scaffold N50 of 2.56 Mb
(Supplementary Tables 2, 5, and 6). Genome assembly quality was assessed by mapping
the short reads and TSLRs to the final scaffolds using BWA-MEM (Li 2013) (average
mapping rate 99.85% and 95.14%, respectively; Supplementary Tables 12-13). A sliding
window approach was used to calculate GC content and resulted in a genome-wide average
of 42%, which is similar to the coelacanth and elephant fish (Supplementary Figure 2).
Roughly 50% of the whale shark genome is comprised of transposable elements (TEs),
which were identified using both homology-based and ab initio. Of these, long interspersed
nuclear elements (LINEs) made up 27% of the total TEs identified (Supplementary Table
7). A combination of homology based and ab initio genome annotation methods resulted
in a total of 28,483 predicted protein coding genes (Supplementary Tables 8-11, 14).
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Correlation of physiological characteristics with genome features across 82
taxa Body mass is thought to be intrinsically linked to physiological traits such as lifespan
and basal metabolic rate (BMR) (West et. al 1997). To better understand how genomic
features correlate with physiological and ecological parameters such as body weight,
lifespan, temperature, and metabolic rate, we compared the whale shark genome to 82
eukaryotic species (Supplementary Table 15) with associated physiological and genomic
data (Figure 1, Supplementary Figures 4-7, Supplementary Table 16). Our analyses showed
a strong positive statistical correlation between the log transformed values for body weight
and maximum lifespan (ρ = 0.79, Figure 2A) and BMR (ρ = 0.958, Supplementary Figure
10A), consistent with previous reports (West et. al 1997). Comparisons of physiological
traits and genome characteristics across the 82 taxa revealed several genetic features that
also scaled with body weight. Among these, total gene length, intron length, and genome
size all show a moderate statistical correlation with body mass, lifespan, and BMR (ρ =
~0.5) (Figure 2B-E). These results are consistent with previous findings of decreased intron
size with increased metabolic rates. Furthermore, genome size and relative intron size are
strongly correlated (ρ = 0.707) (Figure 2B), with the whale shark being a notable outlier.
Exon length is remarkably constant across all animals, regardless of genome size
or intron length (Figure 1C, Supplementary Figure 6). Early observations of this
phenomenon across small numbers of taxa led to the suggestion that splicing machinery
imposes a minimum exon size while exon skipping begins to predominate when exons
exceed ~500 nt in length (Sterner et. al 1996). Also of note is the tight correlation (ρ=0.975)
between the overall GC content and GC3, the GC content of the third codon position
(Supplementary Figure 10B), while both features are negatively correlated with the codon
adaptation index (CAI) (ρ=−0.799 and ρ=−0.841, respectively, Figure 2G-H) in Eukayota,
and negatively correlated with the genome size in Mammalia (ρ=−0.434 and ρ=−0.473,
respectively) (Additional File 1). These results are partially supported by previous research,
which showed that GC3 is negatively correlated with body mass, genome size, and species
longevity within 1,138 placental mammal orthologs (Romiguier et. al 2010). However, our
results using whole genome data do not support the GC3 correlation with body mass and
longevity (ρ = 0.081, ρ = −0.0231, Additional File 1). Thus, exon and intron length may
affect body mass and longevity through a strong association between GC content and
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coding sequence length (Oliver and Marín 1996). Additionally, CAI and intron size are
moderately positively correlated (ρ = 0.463, Figure 2I). Since the CAI and codon usage
bias have an inverse relationship, this supports the negative correlation between intron
length and codon usage bias in multicellular organisms (Vinogradov 1999); and it is
possible that DNA curvature and DNA bending facilitate the association between intron
length and codon usage (Vinogradov 1999). Together, these correlations among the exonic
genome features and intron length suggest that genome features such as intron, exon, and
summed gene lengths either influence or reflect physiological characteristics.

Whale shark longevity and genome characteristics
The allometric scaling relationships between longevity, mass, temperature, and metabolic
rate are well established (West et. al 1997), and the long lifespan of the whale shark can be
explained by its large mass and the extremely low mass- and temperature-adjusted BMR
(Figure 1H and L). There has been considerable debate in the literature over the
evolutionary causes and consequences of genome size, particularly as it relates to BMR.
At 3.2 Gb, the whale shark has a significantly larger genome than the other Chondrichthian
genome (elephant fish), though the exon number and size are comparable. It is, however,
a notable outlier, particularly among fish, for its long introns (Figure 1E and Supplementary
Figure 5E). Interestingly, the whale shark relative intron length (Figure 1E and
Supplementary Figure 5E) is significantly longer than any of the other 81 species, which
is true in both the whole genome-set and a single-copy orthologous gene set in 25
genomically comparable species (Supplementary Figure 6G and 7G). Analyses of single
copy orthologous gene clusters did not reveal any dramatic intron gains or losses in the
whale shark (Supplementary Figure 11), though retrotransposon analyses revealed a
striking expansion of CR1-like LINEs and Penelope-like elements in the introns (Figure
3A, Supplementary Figure 12-14). The CR1-like LINEs are the dominant family of
transposable elements (TEs) in non-avian reptiles and birds (Suh et. al 2014); but the whale
shark CR1-like LINE is 176 Mbp long, which is eleven times longer than of the anole lizard
(Supplementary Figure 14C). The total length of intronic repetitive elements is as great as
the opossum, which is known as a repetitive element rich species (Gentles et. al 2007)
(Supplementary Figure 12). In the whale shark genome, 38% of the CR1-like LINE, 39%
of the CR1-Zenon like LINE, and 30% of the Penelope-like elements are located in the
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intronic regions (Supplementary Figure 15). Odds ratio analyses of the five LINE elements
across exonic, intronic, and intergenic regions within the whale shark showed a slightly
higher representation of these elements within introns, though these findings lacked
statistical significance (p-value calculated by chi-square test > 0.05, Supplementary Figure
15). Strikingly, most genes (more than 88%) in the whale shark genome have the CR1-like
LINE elements within their introns (Supplementary Figure 16). Moreover, 56% of genes
in the whale shark genome also have LINE1 elements (Supplementary Figure 16). Thus,
the whale shark’s relatively large genome and long introns are due to repetitive elements.
Previous research has shown that there is an association between codon usage and
the evolutionary age of genes in metazoans (Prat et. al 2009). Interestingly, two principal
component analyses (PCA) of relative synonymous codon usage (RSCU) from 82 and 76
species, respectively, revealed that the whale shark pattern of RSCU is more similar to the
coelacanth genome than to any other species, including the elephant fish; with well
separated patterns of RSCU for each class (Supplementary Figure 17). Interestingly,
coelacanths also belong to an ancient lineage and have one of the slowest evolving
vertebrate genomes, being described by some as a living fossil (Amemiya et. al 2013). The
whale shark genome also has a smaller number of exons per gene than all other 79 species
except the yeast and the fruit fly (Supplementary Figure 4B). As a result, the whale shark
has a shorter CDS length than all but the yellow sea squirt genome (Figure 1D,
Supplementary Figure 5D), even though the exon length of the whale shark genome is
shorter than that of just 23 species (Figure 1C, Supplementary Figure 5C). Since the whale
shark genome also has a relatively low GC content, we hypothesize that there is a lower
density of histones packing chromatin since there is an association between chromatin
structure and exon-intron structure (Schwartz et. al 2009).

Evolutionary rate and historical demography
Analyses of the whale shark genome showed it is the slowest evolving vertebrate yet
characterized. A relative rate test and two cluster analyses revealed that the whale shark
has a slower evolutionary rate than those of the elephant fish and all other bony vertebrates
examined, including coelacanth which is known as a slow evolving bony vertebrate
(Amemiya et. al 2013) (Figure 3B, Supplementary Tables 17-19, Supplementary Figure
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18). These results support the previous work by Gillooly et. al which predict a slow
evolutionary rate in this species is due to its very large body size combined with its
relatively low body temperature (compared to similarly sized vertebrates). It also is
consistent with previous studies of nucleotide substitution rates in elasmobranchs, which
were found to be significantly lower than that of mammals (Martin 1992, 1999). A
phylogenetic analysis of the 255 single copy orthologous gene clusters from the whale
shark and 24 other animal genomes (Figure 3D) showed a divergence of the
Elasmobranchii (sharks) and Holocephali (chimaeras) roughly 268 MYA and the
Chondrichthyes from the bony vertebrates about 457 MYA (Supplementary Figure 9),
which is consistent with previous estimates.
To understand the how many genes appeared in each evolutionary era within the
whale shark genome, we evaluated the evolutionary age of whale shark protein-coding
genes based on protein sequence similarity (Domazet-Loso and Tautz, 2007). Grouping the
whale shark genes into three broad evolutionary eras, we observed that while the majority
(58%) of genes are ancient (older than 684 Mya), a few (~5%) are middle age (684 - 199
Mya), and relatively many (36%) are young (199 Mya to present) (Figure 3C).
Interestingly, normalizing the number of genes by evolutionary time suggests that gene
turnover is highest near the present time (Supplementary Figure 19). Examining in detail
the age of genes shows many genes are ancient (PS 1) and many appear very young (PS
20) (Supplementary Figure 20). Nevertheless, the large number of young PS 20 genes may
in part reflect the paucity of closely related species with sequenced genomes; should more
closely related species be fully sequenced, the PS 20 genes may be more evenly spread
between PS 15-20. These results highlight both the conservation of a large part of the
genome as well as the innovative potential of the shark genome, since many new genes
appeared within the last 200 million years.

Gene family expansions and contractions in the whale shark
Gene family expansion and contraction analyses across 22 species identified 282
contracted gene families in the whale shark. Of these, nucleosome assembly (GO:0006334)
and chromatin assembly (GO:0031497) were significantly decreased in the whale shark
compared to the Chondrichthyes common ancestor. Interestingly, the whale shark genome
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has a smaller number of histone gene families (H1, H2A and H2Bs) than other bony fishes
and mammals (Supplementary Figure 21). This small number of the histone gene families,
especially the H1 family which encodes the linkers important for higher order chromatin
structures may be related to the long length of whale shark introns (Hergeth and Schneider
2015). We also identified 112 expanded gene families that are enriched for several
metabolic pathways, including fatty acid metabolism, along with neurogenesis and nervous
system development, and DNA repair (Additional File 2).

Gene length of neural genes and correlation with physiological features
Gene length has recently emerged as an important feature of neural genes, as long genes
are preferentially expressed in neural tissues and their expression is under tight
transcriptional and epigenetic control (Gabel et. al, 2015). Within 82 species, we compared
the dimensions of average genes with those of ten categories of neural genes (neuronal
connectivity, cell adhesion, olfactory receptors, ion channels, unfolded protein response
associated genes, neuronal activity and memory, neuropeptide, homeobox genes, synaptic
genes, and neurodegeneration). Interestingly, we found that neuronal connectivity genes
are longer than average genes in most vertebrates, with the length increase being significant
in whale shark and most mammals, as well as in coelacanth and platypus (Figure 4A,
Supplementary Figure 23A). Second, in whale shark we also found that cell adhesion, ion
channels, homeobox genes, and neurodegeneration genes are increased in length (Figure
4B). Most notably, neuronal functions are enriched in long-genes in more than 60 species
(Figure 4C, Additional File 3). Thus, the organization of whale shark neural genes may
reflect the need to maintain the shape, activity, identity, and resistance to degeneration in
a body that is both very large and long-lived.
To determine whether physiological traits and genomic features are linked, we
examined the correlation of gene size and maximum lifespan, body weight, and BMR
(Figure 2A-F). In 155 gene families, we found that gene length was significantly correlated
to maximum lifespan, body weight, and BMR. Gene ontology analyses of this gene group
showed statistical enrichment of biological processes such as telomere maintenance
(GO:0007004: XRCC5, MAPKAPK5, and NAT10) and RNA and protein export from
nucleus (GO:0006405 and GO:0006611: SDAD1, SARNP, RAE1, NUP155, ABCE1,
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ENY2, XPO5, CSE1L and STYX; Figure 5A, Supplementary Tables 20-21), both of which
are associated with longevity and cancer (Rudolph et. al 1999, Lord et. al 2015). Of the
genes in which gene length is correlated to lifespan, NUP210 (nucleoporin 210) and VWF
(von Willebrand factor) are both associated with longevity (Sander et. al 2014)
(Supplementary Table 22). Moreover, the genes correlated to BMR include SNX14, which
is linked to protein metabolism and its deficiency causes ataxia and intellectual disability
(Thomas et. al 2014) (Supplementary Table 22). Interestingly, the only gene family
correlated with body mass (COX5B; the terminal enzyme of the mitochondrial respiratory
chain) is a subunit of Complex IV and is essential to energy production in the cell and
ultimately to aging (Galtier et. al 2009) (Supplementary Table 22). Taken together, these
results suggest that there is an evolutionary relationship between gene size and
physiological traits size such as body size, metabolic rates, and lifespan; particularly among
genes whose functions are essential for living long lives, such as telomere maintenance and
energy production.

CONCLUSIONS
We sequenced and assembled the genome of the endangered whale shark (Rhinocodon
typus), the largest extant fish on Earth. Its relatively large 3.2 Gb genome is the slowest
evolving vertebrate genome found to date, and has a striking amount of CR1-like LINE
transposable elements. To better understand the fundamental relationships between
genome architecture and basic biological traits, we compared the whale shark genome and
physiological features to those of 82 other species. In most genomes, we found that major
genomic traits, including intron length and gene length, correlate with body size,
temperature, and lifespan, and that GC content and codon adaptation index are negatively
correlated. Unexpectedly, we found that neural connectivity genes are substantially longer
than average genes. In the whale shark genome specifically, we found that intron size is
much longer than most other species due to the presence of repetitive elements. We also
found that neural genes of several types, including neurodegeneration genes, are much
longer than average genes in species with long lifespans, including the whale shark. These
results show the power of the comparative evolutionary approach to uncover both general
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and specific relationships that reveal how genome architecture is shaped by size and
ecology.

DATA & METHODS
Sample preparation and sequencing
Genomic DNA was isolated from heart tissue acquired from an 11 year old, 6 meter
deceased male whale shark from the Hanhwa Aquarium, Jeju, Korea. DNA libraries were
constructed using a TruSeq DNA library kit for the short-read libraries and a Nextera Mate
Pair sample prep kit for the mate pair libraries. Sequencing was performed using the
Illumina HiSeq2500 platform. Libraries were sequenced to a combined depth of 164×
(Supplementary Tables 1 and 2).

Genome assembly and annotation
Reads were quality filtered (Supplementary Table 3) and the error corrected reads from the
short insert size libraries (<1 Kb) and mate pair libraries (>1 Kb) were used to assemble
the whale shark genome using SOAPdenovo2 (Luo et. al 2012). As the quality of
assembled genome can be affected by the K-mer size, we used multi-K-mer value
(minimum 45 to maximum 63) with the ‘all’ command in the SOAPdenovo2 package (Luo
et. al 2012). The gaps between the scaffolds were closed in two iterations with the short
insert libraries (<1 Kb) using the GapCloser program in the SOAPdenovo2 package (Luo
et. al 2012). We then aligned the short insert size reads to the scaffolds using BWA-MEM
(Li 2013) with default options. Variants were identified using SAMtools (Li et. al 2009).
Since at least one of alleles from the mapped reads of same individual as reference should
be presented in the assembly, we corrected erroneous bases where both alleles were not
present in the assembly by substituting the first variant alleles. Finally, we mapped the
Illumina TruSeq synthetic long reads (TSLR) to the assembly and corrected the gaps
covered by the synthetic long reads to reduce erroneous gap regions in the assembly
(Supplementary Table 5).
The GC distribution of the whale shark genome was calculated using a sliding
window approach. We employed 10 Kb sliding windows to scan the genome to calculate
the GC content. Tandem repeats were predicted using the Tandem Repeats Finder program
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(version 4.07) (Benson 1999). Transposable elements (TEs) were identified using both
homology-based and ab initio approaches. The Repbase database (version 19.02) (Jurka et.
al 2005) and RepeatMasker (version 4.0.5) (Bedell et. al 2000) were used for the
homology-based approach, and RepeatModeler (version 1.0.7) (Abrusan et. al 2009) was
used for the ab initio approach. All predicted repetitive elements were merged using inhouse perl scripts. Two candidate gene sets were built to predict the protein coding genes
in the whale shark genome; using AUGUSTUS (Stanke et. al 2006) and Evidence Modeler
(EMV) (Haas et. al 2008), respectively (see Supplementary Note 1.7 for detailed methods).

Genomic context calculations
From the 82 species (Supplementary Table 15), we computed the following genomic
factors: GC3 (GC content at third codon position), CAI (codon adaptation index), number
and length of coding exon(s), and relative intron length between first and last exon (or
coding exon). CDS sequences with premature stop codons and lengths that were multiples
of three were excluded. The relative intron length was calculated by dividing the total
intron length between first and last exon (or coding exon) by the CDS length (or mRNA
length). GC3 was computed from concatenated third codon nucleotides using the canonical
method (Brock 1978). We measured relative synonymous codon usage (RSCU) using the
method from Sharp et. al. (Sharp et. al 1986) and the codon adaptation index (CAI) in a
CDS using Sharp and Li’s method (Sharp and Li 1987) for each of the 82 species. The
principle component analysis (PCA) on RSCU was performed using the R packages
(version 3.3.0) (Team 2014) ggplot2 (Wickham 2016) and ggfortify (Tang Y 2016).

Orthologous gene family clustering
To identify orthologous gene families among the whale shark and the other 82 species, we
downloaded all pair-wise reciprocal BLASTP results using the ‘peptide align feature’ in
the Ensembl comparative genomics resources (Herrero et. al 2016) (release 86). To
generate pair-wise orthologous that were not available in the Ensembl resources, we
performed reciprocal BLASTP (Camacho et. al 2009) with the ‘-evalue 1e-05 -seg no max_hsps_per_subject 1 -use_sw_tback’ options. From the pair-wise reciprocal BLASTP
results among the 82 species, we generated similarity matrixes by connecting possible
orthologous pairs. To constrain the computational load, we did not join additional nodes
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when the number of node was bigger than 1500. The normalized weights for the similarity
matrix were calculated using the OrthoMCL approach (Li et. al 2003). We identified
orthologous gene families by using an in-house C++ script based on the MCL clustering
algorithm (Enright et. al 2002), with inflation index 1.3. A total of 1,461,312 genes were
assigned to 225,530 clusters, including 192,174 of singletons.

Gene age estimation
Phylostratigraphy uses BLASTP-scored sequence similarity to estimate the minimal age of
every protein-coding gene. The NCBI non-redundant database is queried with a protein
sequence to detect the most distant species in which a sufficiently similar sequence is
present and posit that the gene is at least as old as the age of the common ancestor
(Domazet-Loso and Tautz, 2007). Using NCBI for every species, the timing of lineage
divergence events is estimated with TimeTree (Kumar et. al, 2017). To facilitate detection
of protein sequence similarity, we used the e-value threshold of 10^-3. We evaluated the
age of all proteins with length equal or greater than 40 amino-acids. First, we counted the
number of genes in each phylostratum, from the most ancient (PS 1) to the most recent (PS
20). Second, to understand broad evolutionary patterns, we aggregated the counts from
several phylostrata into 3 broad evolutionary eras: ancient (PS 1-7, cellular organisms to
Deuterostomia, 4,204 Mya - 684 Mya), middle (PS 8-14, Chordata to Selachii, 684 Mya 199 Mya) and young (PS 15-20, Galeomorpha to Rhincodon typus, 199 Mya to present).
To understand the gene glow per time unit, we normalized the number of genes by the age
and the length of the evolutionary era.

Correlation tests in orthologous gene families
From the 82 species, we selected 6,929 single-copy orthologous gene families which are
found in at least 40 species to calculate the correlation between gene length, i.e., exon +
intron length between first and last coding exon and three physiological properties (the
maximum lifespan, body weight, and BMR). We identified gene families which had
significant correlations between the gene length and the maximum lifespan (2,882 genes),
body mass (2,193 genes), and the BMR (2,627 genes) by Spearman’s rho correlation
coefficient and Benjamini & Hochberg adjustment (adjust p-value ≤ 0.01). All these gene
families were subject to alignment filtering criterion of containing more than 50% of
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conserved exon-exon boundaries (intron position) in their CDS alignments. This step
reduces the effect of gene length change due to intron gain or loss and increases the
accuracy of multiple sequence alignments (Supplementary Figure 24). Finally, we acquired
four sets of correlated gene families between the gene length and the three properties: 1)
25 gene families with the maximum lifespan only, 2) one gene family with the body weight
only, 3) seven gene families with the BMR only, and 4) 155 gene families with all three
physiological properties (Supplementary Table 21-22).
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FIGURES

FIGURE 1. Comparative genomic analysis across 82 species highlights whale shark
traits linked to lifespan. Phylogenetic tree in the first row was constructed using the
NCBI

common

(https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi)

tree
without

divergence times. The second row to the last row show the following values in 82 species:
five genomic contexts (A-E), golden path length (F), the maximum lifespan (G), body
weight (H), maximum lifespan controlled by weight0.25 (I), body temperature (optimal
temperature for cold-blooded animal) (J), basal metabolic rate (K), and basal metabolic
rate adjusted by weight (L). The exon length (C) shows length of exons in coding region.
Yeast and fruit fly exon length were removed due to their extremely long length (median
exon lengths for yeast and fruit fly are 1,032 bp and 217 bp respectively). The relative
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intron length (E) was calculated by dividing the total intron length between first coding
exon and last coding exon by the CDS length. The nine colors of boxes and bars indicate
biological classification (gray: Hyperoartia, Ascidiacea, Chromadorea, Insecta and
Saccharomycetes, turquoise: Chondrichthyes (the bright color indicate whale shark), light
blue: Actinopterygii, aquamarine: Sarcopterygii, dark green: Amphibia, light green:
Reptilia, dark yellow: Aves, orange: Mammalia).

95

FIGURE 2. Scaling relationships between genomic and physiologic properties across
82 species. The properties on the x-axis and y-axis were used to calculate Spearman’s rank
correlation coefficient for each plot. All p-values and rho values are shown at the top of
each plot. The general species names are centered over their dots. Overlapping species
names in the same layer were not plotted. The nine colors of dots indicate biological
classification (gray: Hyperoartia, Ascidiacea, Chromadorea, Insecta and Saccharomycetes,
turquoise: Chondrichthyes (the bright color indicate whale shark), light blue:
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Actinopterygii, aquamarine: Sarcopterygii, dark green: Amphibia, light green: Reptilia,
dark yellow: Aves, orange: Mammalia).
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FIGURE 3. Repetitive elements, evolutionary rate model, and flow of genes in the
whale shark genome. A. Each pie chart summarizes the length of predicted intronic
repetitive elements (labeled in the top of pie). Values from the 81 species were averaged
across six Classes (Mammalia, Aves, Reptilia, Amphibia, Sarcopterygii, Actinopterygii),
and the whale shark and elephant fish are listed separately (yeast was excluded from these
analyses). B. All pairwise distances from sea lamprey were calculated using the R-package
‘ape’ (Paradis, Claude et. al 2004). The species were ordered by the pairwise distances.
The eight bar colors indicate biological classification (turquoise: Chondrichthyes (the
bright color indicate whale shark), light blue: Actinopterygii, aquamarine: Sarcopterygii,
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dark green: Amphibia, light green: Reptilia, dark yellow: Aves, orange: Mammalia). C.
While most genes (~58%) in the whale genome are ancient, a few (~5%) are of intermediate
age and a significant fraction (~37%) are relatively young. D. Maximum likelihood
phylogenetic tree. Red and blue numbers refer to the number of expanded and contracted
gene families at each node compared to the common ancestor, respectively.
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FIGURE 4.

Long gene length preferentially affects neural genes. A. Neuronal

connectivity genes are longer in 81 species (yeast was again excluded). The x-axis and yaxis shows the average gene length (exon + intron between first and last coding exon) and
the gene length of neuronal connectivity related genes. The dashed bisecting line present
‘y = x’. Spearman’s rho correlation coefficient and p-value are shown in right top of plot.
B. The comparison of the gene length across twelve categories of neuronal genes in the
whale shark genome. C. Most common GO terms, which were computed by the GSEA
with the ordered gene length in 77 species; shown by the number of species they were
found in.
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FIGURE 5. A single-copy orthologous gene families with correlations between gene
length and maximum lifespan, weight, and BMR. A. Enriched GO functions in singlecopy orthologous gene families containing positively correlated relative intron length with
maximum lifespan. Blue boxes indicate representative human gene symbol of the family
in each GO terms. B. Correlation between gene length of NUP155 single-copy orthologous
gene families and the three physiological properties. Colors of dots indicate the class as
box colors of Figure 1.
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ABSTRACT
High-coverage whole-genome sequencing data of a single ethnicity can provide a useful
catalogue of population-specific genetic variations, and provides a critical resource that
can be used to more accurately identify pathogenic genetic variants. We report a
comprehensive analysis of the Korean population, and present the Korean National
Standard Reference Variome (KoVariome). As a part of the Korean Personal Genome
Project (KPGP), we constructed the KoVariome database using 5.5 terabases of whole
genome sequence data from 50 healthy Korean individuals in order to characterize the
benign ethnicity-relevant genetic variation present in the Korean population. In total,
KoVariome includes 12.7M single-nucleotide variants (SNVs), 1.7M short insertions and
deletions (indels), 4K structural variations (SVs), and 3.6K copy number variations
(CNVs). Among them, 2.4M (19%) SNVs and 0.4M (24%) indels were identified as novel.
We also discovered selective enrichment of 3.8M SNVs and 0.5M indels in Korean
individuals, which were used to filter out 1,271 coding-SNVs not originally removed from
the 1,000 Genomes Project when prioritizing disease-causing variants. KoVariome health
records were used to identify novel disease-causing variants in the Korean population,
demonstrating the value of high-quality ethnic variation databases for the accurate
interpretation of individual genomes and the precise characterization of genetic variations.

INTRODUCTION
The human reference genome1 was a milestone of scientific achievement and provides the
foundation for biomedical research and personalized healthcare2. The completion of the
human genome marked the beginning of our concerted efforts to understand and catalogue
genetic variation across human populations. The International HapMap project resolved
human haplotypes into more than one million common single nucleotide polymorphisms
(SNPs) in an effort to catalogue genetic variations associated with diseases3. Subsequently,
other large-scale genomic studies have identified 360M copy number variations (CNVs)4
and 6.4M small insertions and deletions (indels)5. These efforts laid the groundwork for
approximately 1,800 genome-wide association (GWA) studies that investigated the genetic
basis of complex diseases such as diabetes, cancer, and heart disease6. While these GWA
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studies have identified a wide range of disease-associated alleles that can be used as
diagnostic tools7, the majority of the findings are associated with low disease risks and
have led to a renewed focus on the detection of rare variants that are more predictive of
disease8.
To identify pathogenic rare variants, disease cohorts are compared to populationscale variomes generated from healthy controls to remove common and low frequency
variants in diverse human ethnic groups9,10. As a result, numerous population genomic
studies have been performed to characterize ethnicity-relevant variations. One of the
largest of such efforts, the 1,000 Genomes Project (1000GP), reported a total of 88M
genetic variants, including SNPs, indels, and structural variations (SVs) from 2,504 healthy
individuals11, and resolved population stratification by sampling 26 populations across five
continents; Africa (AFR), East Asia (EAS), Europe (EUR), South Asia (SAS), and
Americas (AMR). More recently, the Exome Aggregation Consortium (ExAC) released
ten million human genetic variants from 60,706 individuals with a resolution of one exonic
variant for every eight base-pairs12. Analysis of high coverage sequencing data (more than
30x) from 10,000 individuals showed that each newly analyzed genome added roughly
0.7MB of new sequences to the human reference genome and contributed an average of
8,579 new SNVs to the existing human variation data set 13. Large-scale variome studies,
such as those previous discussed, have significantly increased our understanding of
variation in the human population, however, the population composition is still broadly
biased towards Europeans (54.97% in ExAC12 and 78.55% in Telenti et al.13).
Consequently, many groups have initiated small variome studies of more targeted
populations, i.e. the Malays14, Dutch (GoNL)15, Danish16, Japanese (1KGPN)17, Finland,
and United Kingdom18. The large number of population-specific variations discovered in
these studies highlights the importance of single population variomes in creating
comprehensive databases of population heterogeneity and stratification.
SVs are also an important type of genomic variation in the human population that
contribute significantly to genomic diversity19. SVs include large insertions (INSs),
deletions (DELs), inversions (INVs), translocations, and CNVs20. Unlike SNVs and small
indels, however, the identification of SVs remains challenging. It is largely because of
genome complexities and the limitations of short-read sequencing technologies21. Current
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efforts to resolve SVs reported several population-scale SVs16,19 and CNVs17,22 from whole
genome sequencing (WGS) data, and these analyses characterized population-specific
traits such as amylase gene duplication in high-starch diet populations17,23 and revealed
associations for specific diseases such as hemophilia A24, hunter syndrome25, autism26,
schizophrenia27, and Crohn’s disease28 with SVs. Nevertheless, SVs identified in healthy
individuals also contain a substantial number of individual- and population-specific SVs
with no disease association. Taken together, these results have demonstrated the
importance of constructing population-specific SV and CNV profiles for the
characterization of disease association and identifying diagnostic markers for precision
medicine.
The Korean population is regarded as a homogeneous ethnic group in East Asia29,
from which a relatively small set of samples can produce a high-coverage population
variome. Since the first Korean whole genome sequences were reported in 200930, further
variome studies in the Korean population have been conducted in the last decade using
low-cost next generation sequencing (NGS) technologies31-36. Two exonic variomes of
more than 1,000 Koreans were reported, though sampling was focused on disease cohorts
containing patients with type II diabetes mellitus, hemophilia, cancer, and other rare
diseases 35,36. Consequently, these studies are not suitable for parsing benign, demographic
variants from disease variants. As the Korean center of the Personal Genome Project
(PGP)17, the Korean Personal Genome Project (KPGP or PGP-Korea) was initiated in 2006
by the Korean Bioinformation Center (KOBIC) to characterize ethnicity-relevant variation
in Korea by providing a comprehensive genomic, phenomic, and enviromic dataset
accessible to researchers across the world. Since KPGP published the first Korean genome
with NGS data in 200930, the number of complete genomes has increased to 60 genomes
as of 2016. This population was used to construct the first consensus Korean Reference
genome standard (KOREF_C)37, which was registered as a standard reference for the ethnic
Korean genome sequences by evaluating its traceability, uncertainty, and consistency in
the beginning of 2017.
To characterize the genomic variations across the Korean population, we selected
and analyzed WGS data from 50 unrelated, healthy Korean individuals in the KPGP
cohorts with associated clinical diagnoses and family histories related to major diseases. In
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this report, we describe the general features of KoVariome and characterize all four types
of genomic variations, which include 12.7M SNVs, 1.7M indels, 4K SVs, and 3.6K CNVs.
This comprehensive database of genomic variations and corresponding metadata will be
continuously updated and become a valuable resource to the genomic community as
researchers search for the genetic basis of disease.

RESULTS & DISCUSSION
Construction of the Korean standard Variome: KoVariome
Since 2010, the Korean variome data center (KOVAC), as a part of the KPGP, has been
recruiting volunteers to generate WGS and whole exome sequencing (WES) data. The
current KoVariome (version 20160815) has been constructed based on WGS data from 50
unrelated Korean individuals who responded to questionnaires detailing body
characteristics, habits, allergies, family histories, and physical conditions related to 19
disease classes (Supplementary Table S1). A total of 5.5 TB of high-quality paired-end
WGS data were generated, containing an average of 31× coverage per individual (Table 1
and Supplementary Table S2). WGS data from each individual covered 95% of the human
reference genome (hg19) on average. From these data, we identified approximately 3.8M
SNVs (ranged 3.7-3.9M) and 0.5M indels (0.4-0.7M) per Korean individual (Table 1 and
Supplementary Fig. S1A). The hetero-to-homozygosity ratio of the autosomal SNVs was
1.49, which is consistent with previously reported data38. The length distributions of the
indel loci were symmetric, with the majority of indel sizes shorter than six bases (94.8%
for insertions, 97.8% for deletions) (Supplementary Fig. S1B). We identified
approximately 20,097 (0.53%) SNVs and 258 (0.05%) indels in the coding regions
including 10,394 (0.22%) non-synonymous changes per individual (Table 1).
Novel KoVariome SNVs were counted by adding individual samples one by one
(Fig. 1A), and the number of novel SNVs decreased logarithmically and became depleted
after the 9th donor. In total, we observed 59K novel SNVs, including 1.2K (2.03%) codingSNVs, per individual. To assess the relatedness of the KoVariome individuals, we
compared the pairwise genetic distance of KoVariome with those of family data (Fig. 1B).
WGS data from thirty families were downloaded from the KPGP database, which included

106

two monozygotic twins, 14 parent-children pairs, seven siblings, five grandparentsgrandchildren, six uncles-nephews, and three cousins. We analyzed familial SNVs using
the same method as in KoVariome and also compared genetic distances between the two
groups (see Methods). The genetic distance among KoVariome individuals was higher
(pi=8.8e-4) than those found in the familial data, such as monozygotic twins (4.8e-4),
siblings (6.7e-4), parent-child (6.8e-4), uncle-nephew (7.7e-4), grandparents-grandchild
(7.8e-4), and cousins (8.2e-4). This verifies that no genetic bias was present in the sample
collection stage and current KoVariome. In accordance with previous reports, the
multidimensional scaling (MDS) of variants among Korean, Chinese, and Japanese
individuals showed a clear separation of the three populations (Fig. S2) despite the
geographical and historical associations between these groups35,37. These analyses
reinforce the need for distinct KOREF and KoVariome reference resources to parse disease
variants from demographic variants in this population.

Accuracy test of SNVs and indels in KoVariome
We evaluated the accuracy of KoVariome SNV and indel predictions by comparing
genotype results from the AxiomTM Genome-ASI 1 Array with WGS data from 35
individuals. A total of 503,694 SNV positions were compared, from which we obtained an
average of 0.9993 precision (ranged: 0.9984-0.9996) and 0.9980 recall (ranged: 0.98170.9994) (Supplementary Table S3). In addition, there was a 99.65% (ranged: 98.6299.87%) concordance of the SNVs called by the WGS and Axiom array calls. Compared
to similar variome studies, this genotype accuracy was slightly lower than the high-depth
trio data in the Danish population study (99.8%)16 but higher than that of the Dutch
population SNVs (99.4-99.5%) analyzed with intermediate depths39. The accuracy of the
SNV calls was analyzed across the genome, and a total of 499,889 (99.24%) SNVs showed
a genotype concordance higher than 0.99, while 0.4% of SNVs showed the genotype
accuracy less than 0.95 (Supplementary Table S4). Similar levels of genotype
concordances were observed in repetitive regions of the genome (99.56% of SNVs with
the genotype correspondence > 0.95, Supplementary Table S5), suggesting that SNV
calling accuracy is not reduced in repetitive regions of the genome.
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We also compared the accuracy of indel variant calls with the 1,981 indel markers
on the AxiomTM Genome-ASI 1 Array. A genotype comparison showed an average
accuracy of 98.49% for indels, which was slightly lower than those observed in SNVs
(Supplementary Table S3), and comparable to the false positive (FP) rate for indels that
was reported in the Danish data16. In terms of genomic loci, 1,343 (91.11%) indels showed
perfect genotype concordance with array data and 1,446 (98.10%) indels had an accuracy
higher than 90% (Supplementary Fig. S3).

Genome-wide features of KoVariome
By merging the variants of 50 unrelated Korean individuals, we identified 12.7M SNVs
and 1.7M small indels shorter than 100bp (Table 1); approximately 1.5 times the number
of SNVs previously reported from preliminary KPGP data (8.5M)33. Both types of variants
were primarily distributed in the non-coding regions (about 98%), including intergenic and
intron regions (Supplementary Table S6). Approximately 10.3M (81.10%) SNVs and 1.3M
(76.47%) indels were present in dbSNP (ver. 146); while 2.4M SNVs and 0.4M indels were
novel (Table 1). A total of 9M (70.42%) SNVs and 0.8M (48.68%) indels were found in
the 1000GP variome (Supplementary Table S6); and based on allele frequencies, 4.6M
(51.03%) and 4.4M (48.82%) of these SNVs were classified into the categories ‘1000GP
common’ and ‘1000GP low frequency’, respectively (Fig. 2A). Most notably, 13,584
(0.15%) KoVariome SNVs were rarely observed in the 1000GP continental groups with a
MAF < 0.1%. A similar distribution was observed with the indels, where 64.2% and 35.8%
of the KoVariome indels were classified into the ‘1000GP common’ (0.5M) and ‘1000GP
low frequency’ (0.3M) classes, respectively. Only ten indels were classified into the
‘1000GP rare’ category. Almost all of the variants in the ‘1000GP common’ category were
also frequently observed in KoVariome, representing 4.5M (98.33%) SNVs and 0.5M
(93.37%) indels in this class (Fig. 2A and Supplementary Table S6). Surprisingly, however,
roughly half of the variants in ‘1000GP low frequency’ were classified as ‘frequent in
KoVariome’. This indicates that there exist a significant population specific biases for
common and uncommon variants. When we compared the allele frequencies in five the
continental 1000GP groups to KoVariome. In total, we observed 3.4M (77.19%) SNVs and
0.2M (74.21%) indels that were statistically enriched in at least one of the continental
groups or the Korean population (Fig. 2B), suggesting a population stratification. To
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further explore the population stratification, we identified the variants uniquely enriched
in each continental group, and the enriched variants that were in common between the
continental groups. In total, nearly three million (2.7M) SNVs and 156K indels were
frequently found in the Korean population. Among them, 2.5M (95.20%) SNVs and 143K
(94.47%) indels showed Korean specific enrichments, while the other enriched variants
were shared by other continents (Figure 2B). Among the five continental groups, as
expected, EAS shared the largest number of enriched variants (89.5K SNPs and 5.3K
indels) with the Korean population 40.

Interpretation of the KoVariome-specific variants
Characterizing ethnicity specific variants is necessary to understand the demographic
differences between populations and can be used to filter out low frequency clustered
variants in a specific group. In KoVariome, there were 3.8M SNVs and 0.9M indels not
observed in the 1000GP variome (Supplementary Table S6). A third of the 3.8M SNVs
(1.1M, 29.16%), and 0.4M (40.88%) indels were classified as ‘frequent in KoVariome’
(Fig. 2A). Of the 15,279 non-synonymous SNVs and 480 frame-shift indels specific to
KoVariome, 11,746 (76.88%) and 397 (82.71%) were rare in KoVariome (n < 3),
respectively; whereas 3,533 SNVs were frequently observed (occurring at least three times)
in KoVariome but not observed in the 1000GP variome at all.
To identify the possible clinical relevance of these KoVariome-specific frequent
variants, we compared the genomic loci of these SNVs against the ClinVar database and
identified six likely pathogenic loci with associated disease information (Table 2). Two of
these likely pathogenic SNVs (rs386834119 and rs1136743) were associated with
autosomal recessive (AR) diseases, and therefore, no phenotypes were expected since all
of the KoVariome SNVs were heterozygotes at these sites. We also observed a KoVariome
allele (three males and two females) of a possible cancer-associated SNV (rs200564819)
in RAD51D, which was previously reported to increase the risk of developing ovarian,
breast, colorectal, lung, pancreatic, and prostate cancers41. It has been suggested that this
allele truncates the RAD51D gene by interrupting a canonical splice site, though additional
genetic data is needed to conclusively classify this allele as “pathogenic.”42 Since there are
five heterozygous rs200564819 alleles in KoVariome without any cancer incidence (Table
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2, Table S1), these variants may not be as high-risk in the Korean population; though the
database size will need to be increased to verify the effect of such population-specific
disease associated markers. In addition, we observed two pathogenic missense SNVs
(rs121912678 and rs20016664) in the KoVariome population that have been previously
reported to be associated with fibrodysplasia ossificans progressive (FOP) and Van der
Woude

syndrome

(VWS),

respectively

(Table

2).

The

rs121912678

SNV

(chr2:g158630626C>G) was rarely observed in the ExAc database (MAF=0.0002), but the
C>T mutation at this position was predicted to cause the FOP disease by constitutively
activating the activin receptor type I (ACVR1)43. While the pathogenicity of R206P in
ACVR1 due to a C>G mutation is not yet known, we suggest that it is likely benign because
of the high MAF (0.14) of this allele in KoVariome without any FOP phenotypes, skeletal
malformation, or progressive extraskeletal ossification recorded in the KPGP survey.
Finally, the 400th amino acid of the interferon regulatory factor 6 (IRF6) gene is known to
be a hot spot of VWS, orofacial clefting disorders. Two pathogenic variants, R400W44 and
R400Q45, have been reported for VWS; however, the pathogenicity of R400P arisen by
chr1:209961970C>G, as frequently seen in KoVariome, is not yet confirmed. A total of 14
heterozygous SNVs had no phenotype for VWS symptom, despite the AD inheritance
pattern of this disease; and consequently, the R400P substitution seems to be benign. Taken
together, the KoVariome-specific frequent variants demonstrate the importance of using
population-scale health data to identify pathogenic loci in specific diseases, and for the
accurate identification of benign variants that are not annotated because of population
stratification.

Genomic distribution of rare variants
We investigated the proportion of the SNVs in four SNV classes (1000GP Common,
1000GP Low Frequency, 1000GP Rare, KoVariome Specific; Supplementary Fig. S4). Our
analyses showed that a high portion of the coding SNVs were enriched in the ‘1000GP
rare’ class, while the SNVs in the non-coding regions were similarly distributed in all other
variant classes. The portion of non-synonymous SNVs in the ‘1000GP rare’ class was more
than twice what was observed in the other classes. It is possible that these patterns are
associated with purifying selection to rapidly remove deleterious alleles in the population46,
though it was not possible to identify this pattern in frame-shift indels because of the small
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number of variants (981) in this class. To analyze the tendencies of purifying selection in
KoVariome, we defined rare variant ratios (RVRs) as the number of SNVs in the ‘rare in
KoVariome’ class divided by the number of SNVs in the ‘frequent in KoVariome’ class.
We then compared RVRs across genomic regions (Fig. 2C). In both SNVs and indels,
RVRs in the intergenic region were lowest (0.66), while similar levels of RVRs were
observed in other non-coding regions (0.66-0.87). Under the assumption that mutations
occur randomly throughout the genome, lower rates of RVR in non-coding regions suggest
neutral selection with no or weak selection pressures in the population. Conversely, the
highest RVR in frame-shift indels (1.45) suggests there was some purifying selection
against these variants in the Korean population. Furthermore, about twice as many RVRs
were observed in the non-synonymous (1.16) and splice-site (1.33) SNVs compared to
intergenic regions. Although SNVs in the coding region can be deleterious to protein
function, selection pressure on the non-synonymous and splice-site SNVs seem to be
slightly lower than that of the frame-shift indels, as expected.

Interpretation of disease-causing variants among Korean individuals
Rare SNVs in an individual genome are more likely to be pathogenic than common
variants. Because genetic variants are known to be geographically clustered, characterizing
population stratification is a critical first step to identifying disease-causing variants47.
With this concept, we examined rare SNVs in each individual after filtering out SNVs that
were classified as ‘1000GP common’, ‘1000GP low frequency’, or ‘frequent’ in
KoVariome. From an average of 3.8M SNVs per individual, 3.4M (88.70%) and 0.4M
(9.39%) SNVs were filtered out using the 1000GP variome or KoVariome, respectively
(Fig. 3A and Table 3). Overall, KoVariome allowed 1,231 (12.25%, median value) nonsynonymous SNVs and 40 (24.01%) splice-site SNVs to be filtered out as common variants
in the Korean population, which significantly improves the ability to pin-point disease
causative variants.
After filtering, Korean donors had a median of 47,957 (1.26%) rare SNVs, most of
which (98.33%) were located in non-coding regions. Among these, we observed an average
of 219 (67.17%) non-synonymous SNVs and seven (0.87 %) splice-site SNVs per
individual (Fig. 3B and Table 2). On average, 166 (73.45%) of these SNVs were present
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in dbSNP (ver. 146), but not in the 1000GP variome (Fig. 3C). Of the 12,445 nonsynonymous rare SNVs distributed in 50 Korean individuals, we identified 7,645 (61.43%)
pathogenic or probably pathogenic SNVs predicted by at least one computational algorithm
(see methods section, Table S7). In total, only 38 (0.5%) pathogenic rare SNVs in
KoVariome were homozygotes and the remaining (99.5%) were heterozygotes. In addition,
29 (58%) of the donors had no homozygous pathogenic rare SNVs. To obtain clinical
information concerning these pathogenic rare-SNVs, we searched the genomic loci for
these SNVs against the ClinVar database. A total of 127 of the rare SNVs were found in
ClinVar, 53 of which showed clear clinical significance. Eight (6.39%) and thirteen
(10.24%) were listed as benign and likely benign in ClinVar, respectively, and not fatal for
a specific disease. Conversely, 29 (22.83%) and three (2.36%) were pathogenic and likely
pathogenic, respectively (Table 4). These rare SNVs contribute to pathogenicity according
to their inheritance patterns, and a manual investigation of the inheritance type using the
Online Mendelian Inheritance Man (OMIM) database identified seven AD and 17 AR
SNVs for specific loci; although we failed to identify the inheritance types for eight SNV
loci (Table 4). All 17 of the AR SNVs were heterozygous in KoVariome, so it was not
possible to assign phenotypes to these loci. Within the donor group with pathogenic rare
AD SNVs, we searched for phenotypes or familial histories associated with target diseases
in the questionnaire. We identified a familial history for type II diabetes mellitus associated
with rs121918673 allele in KPGP participants; however, one donor with the rs121918673
allele was nondiabetic and reported no family history of this disease. Additionally, one
donor was heterozygous for the rs121912749 allele, which has an AD association with
spherocytosis, and this donor reported associated symptoms but no anemia (Supplementary
Table S1 and S7). However, it is clinically known that spherocytosis has heterogenetic
symptoms ranging from asymptomatic to hemolytic anemia. These examples highlight the
utility of population specific variation databases as an important resource for assessing the
disease-relevance of genetic variants as a routine component of precision healthcare.

Structural variations in KoVariome
We predicted on average 6,534 individual SVs, including 450 INVs, 354 intrachromosomal translocations (ITXs), 478 INSs, and 5,252 DELs using BreakDancer (BD)
and Pindel programs (Supplementary Table S8). To identify SVs with clear break points,
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we removed 15-32% spurious SVs per individual (see Methods; Supplementary Fig. S5
and Table S8). After filtering, we obtained 40,179 non-redundant SVs; including 4,896
INVs, 2,131 ITXs, 12,171 INSs, and 20,981 DELs. Within the Korean donor group,
individuals contained 3,294 SVs (median), 82.36% of which were DELs (Fig. 4A). The
median length of individual SVs was 2.3Kb for INVs, 5.8Kb for ITXs, 1.3Kb for INSs,
and 342bp for DELs (Fig. 4B). A high proportion of SVs were specific to an individual
genome (Fig. 4C), consistent with findings from the 1KJPN17. The portion of individualspecific SVs was greatest for INSs (92.51%), followed by INVs (88.87%), ITXs (68.93%),
and DELs (47.82%) (Table S8). A substantial proportion of SVs (98.5% INSs and 61%
DELs) were novel and were not previously deposited in the Database of Genomic Variants
(DGV). Overall, the non-redundant combined SVs ranged in size up to 10M and all classes
were enriched in the 1-2Kb size range (Fig. 4D, Supplementary Fig. S6).
Finally, we analyzed the SVs to determine whether they were enriched for repetitive
elements. Within the SVs, we cataloged repeat types and searched for Korean-specific
enrichments compared to those present in other populations. Among the SVs, we found
that 13% contained short interspersed elements (SINEs), 20% contained long interspersed
elements (LINEs), 3.4% contained DNA transposons, and 8.6% contained long terminal
repeats (LTRs). The majority of SINEs were observed in DELs of 200-300bp, which is
consistent with de novo assembled SVs16 and the predicted SVs15. These results suggest
that SVs are enriched for SINEs in the 1-4Kb INVs, and LINEs in the 4-40Kb INVs
(Supplementary Fig. S6A). Additionally, simple repeats were predominantly observed in
INSs (Fig. 4D) and 3-5Kb ITXs (Supplementary Fig. S6B).

Copy number variations in KoVariome
The high coverage WGS data used to construct KoVariome provides sufficient data to
characterize CNVs in a single genome. The FREEC program48 predicted an average of 199
deletions and 336 duplications per genome (Supplementary Table S9). After filtering out
spurious CNVs (Supplementary Fig. S7), 161.74 (81.46%) deletions and 296.72 (88.29%)
duplications remained from the original calls. In total, we predicted 2,038 non-redundant
deletions and 1,564 non-redundant duplications, and the unified CNVs were approximately
5Kb-100Kb in length (Fig. 5A). When compared to the DGV, we identified 3.6K known
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CNVs, including 1,169 (57.36%) deletions and 846 (54.09%) duplications. Repeat
composition analyses of CNV regions revealed that deletions smaller than 5K and
duplications smaller than 10K contained a 20-fold more simple repeats compared to their
overall frequencies in the human genome. In addition, SINEs were 2-fold more frequent in
the > 600Kb deletions. These associations differ from the repeat distributions in SVs. By
examining the genes in the unified CNVs, 869 (46.47%) deletions and 1,105 (70.65%)
duplications were found to contain at least one gene. In addition, only two deletions and
three duplications were conserved in the 50 Korean individuals (Table 5). Interestingly, a
long 2M genomic block on chromosome 10, containing seven genes, was found to be
duplicated an average of 4.22 times in the KPGP donors. Included among these genes is G
protein regulated inducer of neurite outgrowth 2 (GPRIN2), which is associated with brain
development and neurite outgrowth 49. Previous reports identified this duplication in Asian,
European, and Yoruba populations (three-six copies), while no duplications were reported
in the chimpanzee, orangutan, or gorilla22. We also identified 444 CNVs conserved in
1000GP (Supplementary Table S10), which are probably shared East Asian CNVs and are
not specific to Koreans. Five deletions and nine duplications were found to be enriched in
the Korean population using the following criteria; i) odds ratio > 10 comparing with CNV
ratio in any continents, ii) p-values < 0.01, and iii) more than five individuals in
KoVariome. Phenotypic features were examined by searching genes against the OMIM
database, resulting in the identification of three deletions and three duplications containing
genes associated with known phenotypes (Fig. 5B). A high copy number deletion of UDP
glucuronosyltransferase family 2 member B17 (UGT2B17), which is associated with bone
mineral density and osteoporosis50, was observed by comparing our Korean individuals
with EUR, AFR, and AMR populations. This finding is consistent with previous studies
which reported that 66.7% of Korean males have a deletion of this gene, compared to only
9.3% of Swedish males51. We also observed frequent deletions of acyl-CoA thioesterase 1
(ACOT1), which functions to maintain the cellular levels of acyl-CoA and free fatty acids52.
We identified the duplication of hydroxycarboxylic acid receptor 2 (HCAR2) in 12% of the
Koreans, which is associated with lipid-lowering effects53. We excluded the gene
duplications of NBPF15 and HERC2 because they were located at the CNV break points.
These CNVs will be useful for detecting Korean-specific genetic associations with specific
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phenotypes in future studies, which is especially important since CNVs are analyzed less
often than SNVs even though they likely contain important disease-relevant variations.

CONCLUSIONS
To discover disease-causing genetic variants, researchers rely on comprehensive,
population-specific databases containing the benign genetic variation present within
specific ethnic groups. The KoVariome database was created to fill this need for the Korean
population, and includes 5.5 TB of WGS data from 50 healthy, unrelated Korean
individuals with corresponding health metadata. Using this database, we characterized all
four variation types and identified 12.7M SNVs, 1.7M indels, 4K SVs, and 3.6K CNVs,
many of which were novel or selectively enriched in the Korean population. Despite their
close geographic proximity, the Korean population was shown to be genetically distinct
from the Chinese and Japanese populations, highlighting the need for a Korean-specific
variome to accurately identify rare disease variants in this population. Accordingly, a
comprehensive comparative analysis of the population-specific variants within KoVariome
was used to predict candidate loci, inheritance patterns, and genetic risk for several
diseases, including cancer, fibrodysplasia ossificans progressive, Van der Woude
syndrome, type II diabetes mellitus, and spherocytosis. As genetic tests become
increasingly routine components of precision healthcare, KoVariome will be an invaluable
resource for biomedical researchers and health practitioners; and will directly benefit
patients by ensuring they are presented with the most accurate genetic predictions of
disease risks.

METHODS
Sample collection and data distribution
Since 2010, the Korean variome data center (KOVAC) recruited volunteers for the Korea
Personal Genome Project (KPGP: http://kpgp.kr). All methods used in this study were
carried out in accordance with relevant guidelines and regulations and were approved by
the Institutional Review Board (IRB) of the Genome Research Foundation (GRF).
Informed consent for study participation was acquired from all participants in accordance

115

with the Korean Life Ethics bill, and all experimental protocols were approved by the GRF
IRB. In addition to providing a blood sample for WGS, each individual responded to a
questionnaire regarding body characteristics, habits, response to 16 allergies, family
histories, and physical condition related to 19 disease classes (Table S1). Genomic DNA
was extracted using a QIAamp DNA Blood Mini Kit (Qiagen, CA, USA) and 69 WGS
libraries were constructed using TruSeq DNA sample preparation kits (Illumina, CA,
USA). Sequencing was performed using Illumina HiSeq sequencers following the
manufacturer’s instruction. The homepage of KoVariome is http://variome.net. WGS data
from 50 healthy unrelated Korean individuals were analyzed to create the KoVariome
database, which was released through the national FTP portal server of the KOBIC
(ftp://ftp.kobic.re.kr/pub/KPGP/) and distributed through GRF (http://pgi.re.kr), and
Variome.net. All data analyzed in this study were deposited in NCBI SRA (PRJNA284338)
and accessions for each sample were listed in Supplementary Table S2.

Analysis of SNVs and indels
The WGS data were processed according to a protocol that was evaluated by the technical
committee of the Korean Research Institute of Standards and Science (KRISS). Genomic
resources

were

downloaded

from

UCSC

(http://hgdownload.cse.ucsc.edu/goldenPath/hg19/bigZips/),

Genome
including

bioinformatics
the

reference

human genome (GRCH37/hg19), reference genes, and repeat annotations. Raw DNA reads
were cleaned by Sickle (https://github.com/najoshi/sickle) with a quality score > 20 and
read length > 50 bp. Cleaned paired-end reads were mapped to the human reference
genome using BWA 54and indels were realigned and recalibrated after removing the PCR
duplicates. Finally, we identified SNVs and indels for each individual using the GATK
UnifiedGenotyper (ver. GATK-Lite-2.3-9)55. To improve the quality of identified SNVs,
we applied SNV meeting criteria of: i) read depth (DP) is 20´ or higher, ii) mapping rate
is 90% or higher. Low-quality indels were removed from future analyses using the
following criteria: i) quality score <27 and DP <6, ii) heterozygous indels with mapped
allelic valance less than 0.3.

116

Protein modeling of the variants
To infer the functional effects of variations, we implemented SnpEff-3.356. The deleterious
effects of the non-synonymous SNVs were obtained by searching dbNSFP (ver. 2.9.1), a
portal database providing deleterious non-synonymous SNVs57. We then predicted the
effects of each variant on protein function using SIFT, Polyphen2, PROVEAN, MetaSVM,
and MetaLE, and further annotated variants using the Interpro_domain and COSMIC
(Catalogue of Somatic Mutations in Cancer, ver. 71) databases. Previously reported SNVs
and indels were identified using the dbSNP database (ver. 146). All variants shorter than
50 bp were then stored in this database58. The databases ClinVar (ver. 20161101)42 and
OMIM (generated 2016-11-22)59 were searched to identify known pathogenic variants.

Genetic distance calculation
The genetic distance (pi) between two samples was calculated using the following formula:
pi = D / N,
where D is the nucleotide difference between two samples and N is the number of
compared positions. The sum of the nucleotide difference was calculated between two
samples for each genomic position, which ranged from 0-1. A homozygous genotype
composed of a reference allele was adopted as the genotype for uncalled sites.

Multidimensional Scaling (MDS) analysis
Genotype data for 84 Chinese and 86 Japanese individuals were obtained from Phase 3 of
the HapMap project3. A total of 1,387,956 SNV loci were merged with KoVariome. The
PLINK program was used to remove the genomic loci with MAF < 0.05, call rates < 0.05,
and SNPs in linkage disequilibrium blocks60. In total, 117,521 SNPs remained after
filtering and were used in the MDS analysis. Five dimensional components were calculated
in R with the distance matrix method “canberra” and MDS plots were generated using the
MASS package 61.

Accuracy of the SNVs
To measure the accuracy of SNV predictions, 35 individuals were genotyped with the
AxiomTM Genome-Wide East Asian (ASI) 1 Array (Affymetrix, Inc.). The accuracy and
recalls were analyzed using a contingency table constructed with the presence and absence
117

of the alternative alleles analyzed from our pipeline and the genotyping results from the
AxiomTM Genome-ASI 1 Array. The precision of calls was calculated by analyzing the
concordance and denoted as true positive predictions (TP) from all predicted SNVs. The
recalls were defined as TPs divided by the number of genotypes represented on the
AxiomTM Genome-ASI 1 Array. The genotype accuracies were measured by analyzing the
concordance of the genotypes between the GATK prediction and the results from the
AxiomTM Genome-ASI 1 Array. The accuracy of the indel predictions were calculated by
comparing genotypes between GATK predictions and the AxiomTM Genome-ASI 1 Array.

Structural variants
We applied two programs, BD62 and pindel63, to predict genome-wide SVs based on the
discordant mate-pair and split-read information, respectively. From the bam files for each
individual, insertions and deletions of a length between 100 and 1 Kb were predicted by
pindel (ver. 0.2.4t) and those longer than 1Kb were predicted by BD (ver. 1.4.5)64. We next
constructed unassembled genomic blocks (‘N’) from the hg19 reference genome and
examined the SVs that overlapped with these unassembled genomic regions. From this
analysis, we discovered a high portion of spurious SVs in these regions (Supplementary
Fig. S5), with the majority of them >100M in size. The following criteria were used to filter
out spurious SVs; i) reciprocally > 10% overlaps between SVs and un-assembled genomic
blocks, ii) ‘N’s more than 50% coverage of SVs, and iii) more than 2 un-assembled
genomic blocks in the predicted SVs. After filtering, we clustered SVs that reciprocally
overlapped > 70% in any individual. Unified SVs were defined by the average start and
end positions in each SV cluster. The novelty of each SV was defined by comparing unified
SVs with those in the DGV65, with 70% reciprocal overlaps.

Copy number variations
CNVs were predicted with FREEC (ver. 10.6) using window size =100, step size =50, and
breakpoint =0.6 48. The spurious CNVs were enriched in >1M in length (Figure S7), which
were filtered using the same criteria described in the SV methods above. Unified CNVs
were constructed by merging individual’s CNVs that reciprocally overlapped by >=70%.
The start and end positions of the unified CNVs were defined as average position of the
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original calls. Known CNVs were defined by comparing with CNVs in the DGV
database65.

Data resource access
http://variome.net, http://kpgp.kr, http://koreangenome.org
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FIGURES
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Figure 1. Status of KPGP variomes analyzed using 50 unrelated Korean individuals.
A. Accumulation of novel SNV alleles. The number of novel SNV alleles were defined as
newly identified nucleotides compared with previously constructed SNVs in KoVariome.
B. Genetic distance according to the familial relationships. Abbreviations: Monozygotic
Twin (MT), Parent and child (PC), Brothers (Br), Grandparents vs. grand children (GPC),
Uncle vs. Nephew (UN), and Cousins (Co).
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Figure 2. Genetic features of KoVariome. A. Two dimensional classification of
KoVariome. SNVs and indels observed in 1000GP data were classified based on the minor
allele frequencies (MAF); ’1000GP Common’: MAF >=5% in all five continents, ‘1000GP
Low frequency’: MAF >= 0.1% in any continent, and ‘1000GP Rare’; MAF < 0.1% in all
five continents. The five continental populations included African (AFR), European
(EUR), Native American (AMR), South Asian (SAS), and East Asian (EAS). The second

127

group was classified by the number of variants in KoVariome; ‘Frequent in KoVariome’
(>= 3) and ‘Rare in KoVariome’ (< 3). B. The Venn diagrams represent the number of
variants enriched in specific continents for both SNVs (left) and indels (right). The
enrichment was analyzed by Fisher’s exact test based on odds ratio > 3 and p-value < 0.05.
The total numbers of enriched variants in the Korean (KOR) population are denoted in the
white space of the Venn diagram. The numbers next to the continental population
abbreviations represent the total number of enriched variants in that 1000GP continental
group. The numbers within each ellipse denote the number of variants enriched both in
KOR and a specific continent (left) and the number of variants enriched exclusively in the
represented continent (right); with their relative percentages listed in parentheses below.
C. Rare variant ratios (RVRs) observed in each genomic region. RVRs were calculated by
dividing the number rare variants by the number of frequent variants in KoVariome.
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Figure 3. Individual variants describing functional effects. A. Classification of
individual variants based on frequency in 1000GP and KoVariome. Gray represents the
portion of individual variants classified in the ‘1000GP common’ and ‘1000GP Low
frequency’. Blue represents the portion of the individual variants classified in the ‘Frequent
in KoVariome’. Red represents rare variants in both 1000GP and KoVariome ‘Rare in
Both’. B. Individual variants in the ‘Rare in Both’ were classified by gene coordinates. To
more clearly represent the portion functionally important rare variants, 98% of the rare
variants in the non-coding regions were not represented. C. Number of pathogenic variants
for each individual. Red and blue bars represent the number of pathogenic variants
previously reported in dbSNP and novel, respectively.
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Figure 4. Properties of structural variants discovered in KoVariome. A. The boxplot
represents the number of variants per Korean individual by variant type (n=50). The lower
and upper hinges of the boxes correspond to the 25th and 75th percentiles and the whiskers
represent the 1.5x inter-quartile range (IQR) extending from the hinges. Abbreviations of
the variants: inversions (INV), intra-chromosomal translocation (ITX), insertions (INS),
and deletions (DEL). B. Length of the variants present in the individual genome. See
variant types and boxplot definition in A. C. Frequency of variants in KoVariome. D. The
upper graph represents the number of SVs identified at specific length ranges. The
KoVariome specific variants were defined by comparing SVs in the Database of Genomic
Variants (DGV) with 70% reciprocal overlap. The lower graph represents the portion of
repeats distributed in the variants. Repeat classes were defined by the repeat annotations
provided in the UCSC Genome bioinformatics. Simple repeats contained both
microsatellites and low complexity (e.g., AT-rich). Abbreviations of repeats: short
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interspersed element (SINE), long interspersed element (LINE), and long terminal repeat
(LTR).

Figure 5. Properties of copy number variations in KoVariome. A. The number CNVs
in the Korean population and the portion of the repeats in a specific length range. The
conserved CNVs were defined by searching the Database of Genomic Variants (DGV) with
70% reciprocal overlaps. See the abbreviations of repeats in Fig. 4B. Korean enriched
CNVs were identified by searching the CNVs reported in the 1000GP. No. represents the
number of CNVs predicted in KoVariome. The heatmap represents the odds ratio of the
CNVs compared to the CNV ratio in a specific 1000GP continental group. Associated
genes were identified by searching the OMIM database. Abbreviations of continent group:
European (EUR), African (AFR), Native American (AMR), South Asian (SAS), and East
Asian (EAS).
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TABLES
Table 3. Statistics of KoVariome
Sample information for KoVariome
No. of samples (Male/Female)

50 (31/19)

Total NGS yield

5.5 tera bases

Average sequenced depth

31x

Average mapped read rates

95%

SNVs
Total No. of SNVs

12,735,004

No. of known variants in 1000GP a

8,967,464

No. of known variants in dbSNP b

10,286,599

Average No. of SNV per sample

3,813,311

Average No. of Coding SNVs c

20,097

Average No. of non-synonymous SNVs

10,394

Average No. of SNVs with high effects

287

c

c

Indels
Total No. of indels

1,743,117

No. of known variants in 1000GP a

848, 471

No. of known variants in dbSNP b

1,307,000

Average No. of indel per sample

503,553

Average No. of Coding indels c

258
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Average No. of LOF indels c

157

Variants deposited in a 1000GP and b the dbSNP (ver. 146). c predicted with SNPEff
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Table 2. ClinVar annotation of the KoVariome frequent SNVs
Chr. Position
17

33,445,518

Ref. Alt. rs No a
A

C

rs200564819

Gene

Codon
Changes
RAD51D Splice-

*

1

161,599,571 T

C

rs2290834

site
FCGR3B I106V

Disease

No.

MAF

c

d

5

0.05

UNKNOWN 3

0.15

Cohen syndrome

AR

13

0.26

Fibrodysplasia ossificans

AD

14

0.14

Familial breast-ovarian

Inheritance
Type b
n.a

cancer 4
Neutrophil-specific
antigens na1/na2

8

100,844,596 G

T

rs386834119

VPS13B

Splicesite

2

158,630,626 C

G

rs121912678

ACVR1

R206P

progressive
1

209,961,970 C

G

rs200166664

IRF6

R400P

Van der Woude syndrome

AD

14

0.14

11

18,290,859

T

rs1136743

SAA1

A70V

Systemic amyloidosis

AR

22

0.66

C

AR: autosomal recessive; AD: autosomal dominant; Chr.: chromosome; Ref. reference allele; Alt. alternative allele
a

KoVariome frequent SNVs with the Reference SNP cluster IDs (rs number) in ClinVar. We were only included pathogenic or likely pathogenic (*) SNVs.

b

Inheritance types were searched against OMIM database with rs numbers and phenotypes represented in ClinVar database. ‘n.a.’ represents there are no data in

the OMIM database. ‘UNKNOWN’ represents inheritance type for corresponding phenotype was not reported in OMIM database.
c

No. of alternative allele in Korean population, d minor allele frequencies (MAF) in KoVariome.
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Table 3. Statistics of individual SNVs
Statistics of individual variants

No. of SNVs

(%)

1000GP common and 1000GP low frequency SNPs

3.4 M

(88.70)

Frequent SNVs in KoVariome

0.4M

(9.39)

47,957

(1.26)

326

(40.72)

Synonymous SNVs

107

(13.37)

Non-synonymous SNVs

219

(27.36)

7

(0.87)

80

(9.93)

137

(65.06)

1000GP rare and KoVariome rare SNVs
Statistics of individual rare SNVs
Protein-Coding

Splice-site SNVs
RNA-Coding
Other statistics
Median No. of pathogenic rare SNVs a
a

Pathogenicity of the rare SNVs were predicted by at least one program among SIFT, Polyphen2,

PROVEAN, MetaSVM, and MetaLE.
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Table 4. Known pathogenic rare variants associated with disease
Genotype Codon change Inheritance type a gene

Individual ID rs No.
KPGP-00001

rs563607795
*

ClinVarTraits

A/G

L385P

n.a.

SLC19A3

Thiamine metabolism dysfunction syndrome

G/C

R116P

AD

PRSS1

Hereditary pancreatitis

KPGP-00001

rs199769221

KPGP-00032

rs387907164

T/C

C32R

AR

KIAA1530

UV-sensitive syndrome 3

KPGP-00033

rs119490107

C/A

D234Y

UNKNOWN

RAD54B

Carcinoma of colon

KPGP-00039

rs199476197

A/C

H331P

AR

CYP4V2

Bietti crystalline corneoretinal dystrophy

KPGP-00088

rs28940280

G/A

D279N

AR

CLN5

Ceroid lipofuscinosis neuronal 5

KPGP-00122

rs587782989

C/T

R464H

AD

CCDC88C

Spinocerebellar ataxia 40

KPGP-00124

rs142808899

C/T

G303R

AR

DHCR7

Smith-Lemli-Opitz syndrome

KPGP-00127

rs111033744

A/G

Y100C

AR

GALT

Galoctosemia

KPGP-00127

rs137852972

T/C

N88S

AD

BSCL2

Silver spastic paraplegia syndrome

KPGP-00129

rs137853022

C/T

R696Q

AR

IKBKAP

Familial dysautonomia

KPGP-00129

rs386833823*

G/A

S238F

AR

SLC7A7

Lysinuric protein intolerance

KPGP-00131

rs200088377

G/A

P191L

n.a.

IL17RD

Delayed puberty

KPGP-00136

rs121908099

G/A

R405Q

AR

CYP27A1

Cholestanol storage disease

KPGP-00136

rs750218942

C/G

Splice-site

AR

XPA

Xeroderma pigmentosum

KPGP-00136

rs727502791

G/A

R158*

AD

MFAP5

Aortic aneurysm (familial thoracic 9)

KPGP-00136

rs545215807

G/A

G109S

AR

ACADVL

VLCAD deficiency

KPGP-00139

rs387907033

G/C

G401A

AR

SYT14

Spinocerebellar ataxia

KPGP-00139

rs748486078

G/A

S95L

UNKNOWN

IL17F

Candidiasis

KPGP-00144

rs119480073

C/T

R801

AR

LPIN1

Myoglobinuria

KPGP-00144

rs104895438

G/A

A612T

AD

NOD2

Sarcoidosis

KPGP-00205

rs121913050

G/A

R153H

UNKNOWN

ERCC4

XFE progeroid syndrome
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KPGP-00220

rs121918673

G/C

S439R

AD

HNF1B

Diabetes mellitus type 2

KPGP-00266

rs104894085

G/A

Q258*

AR

STAR

Cholesterol monooxygenase deficiency

KPGP-00227

rs121909569

A/G

S148P

AD, AR

SERPINC1

Antithrombin III deficiency

KPGP-00228

rs121434426

G/A

Q356*

UNKNOWN

FANCG

Fanconi anemia

KPGP-00232

rs121909385

T/C

L623P

AR

SLC12A3

Familial hypokalemia hypomagnesemia

KPGP-00233

rs672601312

G/T

E127*

AR

ISG15

Immunodeficiency 38 with basal ganglia calcification

KPGP-00233

rs749462358

C/T

E924K

n.a.

ASPM

Not provided

KPGP-00245

rs137854500

C/T

D1289N

AR

ABCA1

Tangier disease

KPGP-00254

rs201968272

G/A

R237Q

AR

DDX11

Warsaw breakage syndrome

KPGP-00325

rs121912749

C/T

G130R

AD

SLC4A1

Spherocytosis type 4

Abbreviations: Chr. chromosome; Ref. reference allele; Alt. alternative allele; AD: autosomal dominant; AR: autosomal recessive
*

The clinical significance of SNV locus was defined as likely pathogenic in the ClinVar database.

a

Inheritance type were searched against OMIM database with rs numbers and phenotypes in the ClinVar database. ‘n.a.’ represents there are no data in the

OMIM database. ‘UNKNOWN’ represents inheritance type for corresponding phenotype was not reported in OMIM database.
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Table 5. Copy number variations conserved in 50 Korean individuals
Chr.

Start

End

CNV
Types

chr2

132,964,050 133,121,849 Dup.

Average
copy
number
4.02

Genes a

MIR663B,

FAM201B,

ZNF806, ANKRD30BL
chr10 46,222,900

46,946,499

Del.

1.0

PTPN20, FAM35BP, AGAP4,
FRMPD2B,

FAM21C,

BMS1P5
chr10 46,946,200

47,150,299

Dup.

4.22

NPY4R,

GPRIN2,

360D5.1,

CH17-

LINC00842,

LOC102724593,
HNRNPA1P33, SYT15
chr10 47,147,400

47,384,499

Del.

1.0

ANXA8,
LINC00842,

FAM35DP,
FAM25C,

AGAP9, FAM25G, BMS1P6
chr15 21,885,000
a

21,944,149

Dup.

6.4

LOC646214

Genes in the identified CNV region. Chr. Chromosome; Dup. duplication; Del. deletions.
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CHAPTER 7: Conclusion
Comparative genomics has transformed virtually all fields of biology. In my
dissertation, I focused on the exploration of evolutionary histories and adaptive evolution of a
diverse set of species and populations. In Chapter 2 the source species for the domestication of
the guinea pig was identified as the high-altitude species C. tschudii, rather than the lowaltitude C. aperea. We also discovered a number of high-altitude adaptations in the three
independently evolved high-altitude guinea pig and cavy species, including several candidate
genes within the hypoxia inducible factor pathway, and a suite of other candidate genes that
are new targets for functional investigation.
In the endangered long-tailed goral, we identified low levels of genetic diversity that,
combined with population trends, highlight the need for heightened conservation efforts. In the
jellyfish, we discovered expanded venom domains, and identified the presence of RXR
domains in jellyfish which likely play key roles in the evolution of active swimming. The whale
shark genome was found to the slowest evolving yet to date, including the coelacanth and
elephant fish. The whale shark also had a large gene size, due to large introns and an expansion
of repetitive elements, and considerably longer neural genes of several types; with selection on
genes related to neurogenesis. Analyses of 82 animal genomes revealed that lifespan is
associated with increased intron length and is positively correlated to body size and metabolic
rate, that GC content and codon adaptation index are negatively correlated, and that neural
connectivity genes are longer than average genes in most genomes. Among the Korean
population, we found that Koreans have a distinct genetic history from the Chinese and
Japanese populations. We used our Korean-specific variome database to identify novel diseasecausing variants in the Korean population, and to demonstrate the value of high-quality ethnic
variation databases for the accurate interpretation of individual genomes and genetic variations.
Each of the genomes provided by this dissertation will also serve as invaluable resources for
countless research questions long into the future.
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APPENDIX A: Chapter 2 – Supplementary Information
Comparative genomics reveals independent high-altitude adaptations in
guinea pigs.

Supplementary Table 1. Sample information.

Species

Voucher ID

Cavia aperea

Cavia tschudii

Galea comes
Galea
leucoblephara

NK22548
MSB:Mamm:
235123
NK22907
MSB:Mamm:
234762
NK23579
MSB:Mamm:
140412
NK25201
MSB:Mamm:
235509

Galea spixii

MVZ197805

Microcavia
australis

AK13485,
OMNH30230
NK230570
MSB:Mamm:
265517

Microcavia
niata

Collection
date

Locality

Coordinates

1991-07-03

National Park Noel
Kempff Mercado,
Bolivia

1991-06-02

Elevation

Sex

-14.5763888889
-60.8783333333

210ma

male

Torrecilles, Bolivia

-17.85
-64.6333333333

2625mb

male

1991-07-25

Iscayachi, Bolivia

-21.4833333333
-64.95

3476ma

male

1991-08-19

Tarija, Bolivia

-21.6333333333
-62.5666666667

285ma

female

1998-05-13

Baixio dos Almeida,
Brazil

633ma

female

1990-04-14

Mendoza, Argentina

550ma

male

2013-07-31

Oruro, Bolivia

3806mb

male

-7.0333333
-39.7166667
-32.342322
-67.973026
-18.42864602
-68.69752703

AK=Texas A&M University; MSB:Mamm=Division of Mammals, Museum of Southwestern Biology, University
of New Mexico; MVZ=Museum of Vertebrate Zoology, UC Berkeley; NK=New Mexico Genomic Resources,
Museum of Southwestern Biology, University of New Mexico; OMNH=Oklahoma Collection of Genomic
Resources,

Sam

Noble

Oklahoma

Museum

of

b

Natural

(https://www.geoplaner.com). Elevation from Arctos Database.
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History.

a

Elevation

from

coordinates

Supplementary Table 2. Raw sequence data and quality filtering.

Species
Cavia aperea
Cavia tschudii
Galea comes
Galea leucoblephara
Galea spixii
Microcavia australis
Microcavia niata

Number of
reads in raw
data
711,962,282
742,189,238
694,561,542
773,380,050
746,978,922
614,134,268
605,504,316

Number of
Number of bases
reads in filtered
in raw data
data
711,962,282
107,506,304,582
742,189,238
112,070,574,938
694,561,542
104,878,792,842
773,380,050
116,780,387,550
746,978,922
112,793,817,222
578,516,426
92,120,140,200
574,284,834
90,825,647,400

Number of bases in
filtered data
107,506,304,582
112,070,574,938
104,878,792,842
116,780,387,550
112,793,817,222
86,777,463,900
86,142,725,100

Supplementary Table 3. Mapping statistics of filtered reads.

Species

Total Reads

Mapped Reads

Cavia aperea
Cavia tschudii
Galea comes
Galea leucoblephara
Galea spixii
Microcavia australis
Microcavia niata

614,693,024
553,905,088
643,268,875
677,404,616
662,213,404
536,284,817
531,891,611

600,411,079
542,150,249
510,840,187
552,782,838
549,102,006
478,014,821
482,774,576
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Mapping
Rate
97.68%
97.88%
79.41%
81.60%
82.92%
89.13%
90.77%

Mapping
Depth (X)
32.97
29.47
18.55
21.59
21.84
20.99
21.17

Supplementary Figure 1. Mapping depth.
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Supplementary Table 4. Variant statistics of mapped reads.

35,286,002
24,400,787
147,918,936

Homozygous
SNVs
20,672,240
11,556,838
127,670,200

Heterozygous
SNVs
14,613,762
12,843,949
20,248,736

165,610,077

163,047,636

138,462,034

155,350,288

152,856,803

150,015,788
152,379,362

Species
Cavia aperea
Cavia tschudii
Galea comes
Galea
leucoblephara
Galea spixii
Microcavia
australis
Microcavia
niata

4,964,882
3,682,810
2,135,854

Homozygous
indels
3,265,856
2,084,373
2,015,790

Heterozygous
indelss
1,699,026
1,598,437
120,064

24,585,602

2,562,441

2,420,131

142,310

137,629,766

15,227,037

2,493,485

2,372,354

121,131

147,086,904

139,111,878

7,975,026

2,928,884

2,857,493

71,391

149,320,616

136,136,913

13,183,703

3,058,746

2,926,122

132,624

Variants

SNVs

40,250,884
28,083,597
150,054,790

Supplementary Table 5. Number of genes.

Species

Genes

Cavia porcellus

19,166

Cavia aperea

18,900

Cavia tschudii

19,003

Galea comes

15,864

Galea
leucoblephara
Galea spixii
Microcavia
australis

15,862
15,801
16,037

Microcavia niata

16,066

Homo sapiens

20,162

Mus musculus

21,940

Rattus norvegicus

22,223
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indels

Supplementary Table 6. Percent read depth greater than given value.

Genome

Genome

CDS

CDS

CDS

Coverage

Coverage

Coverage

Coverage

Coverage

(>=10)

(>=20)

(>=1)

(>=5)

(>=10)

Cavia aperea

0.9397

0.8565

0.958

0.9556

0.9508

Cavia tschudii

0.9402

0.795

0.9583

0.9561

0.9485

Galea comes

0.4332

0.3023

0.9271

0.9023

0.8717

Galea leucoblephara

0.5613

0.4524

0.9255

0.9092

0.8966

Galea spixii

0.5524

0.4643

0.9226

0.9063

0.8949

Microcavia australis

0.5975

0.4898

0.9183

0.902

0.8868

Microcavia niata

0.5977

0.5018

0.9186

0.9034

0.8905

Species
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Supplementary Figure 2. Phylogenomic tree. Maximum likelihood phylogenetic tree
generated using 8,076 single copy orthologs shared by all species. Bootstrap values are 100
for every node, and are therefore not listed. Numbers at nodes indicate mean divergence dates,
95% confidence intervals are listed in brackets.
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Supplementary Figure 3. Average genome-wide amino acid sequence similarity. Average
amino acid sequence similarity of the 8,076 single copy orthologs was compared across all
taxa. Lighter colors indicate increased similarity and darker colors decreased similarity.
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Supplementary Figure 4. Erythropoietin (EPO) amino acid alignment.
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Supplementary Figure 5. Erythropoietin Receptor (EPOR) amino acid alignment.
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Supplementary Figure 6. Hemoglobin Subunit Alpha (HBA) amino acid alignment.

Supplementary Figure 7. Hemoglobin Subunit Beta (HBB) amino acid alignment.
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APPENDIX B: Chapter 3 – Supplementary Information
Genomic perspectives on adaptation and conservation in the
endangered long-tailed goral (Naemorhedus caudatus).

25000
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Unclustered
Unique paralog
Multi-copy orthologs
Single-copy orthologs

15000

10000
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0
Tibetan Mouflon Cattle Americal Wild yak Human
antelope
bison
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Sheep
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Supplementary Figure S1. Composition of orthologous genes. A comparative
representation of orthologous and paralogous genes in ten mammalian species.
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APPENDIX C: Chapter 4 – Supplementary Information
The jellyfish genome sheds light on the early evolution of active predation.

1 Sample preparation
1.1 DNA and RNA sample preparation
The medusa from one Nemopilema nomurai individual was collected at Tongyong Marine
Science Station, KIOST (34.7699 N, 128.3828 E) on Sep. 12, 2013. The surface water
temperature was 24 °C. After transport to the laboratory, the medusa bell and tentacles were
dissected; and the tissues were snap frozen in liquid nitrogen and stored at -75 °C. The polyps
of Sanderia malayensis were provided by Aqua Planet Jeju Hanwha (Seogwipo, Korea). The
polyps were fed daily with freshly hatched Artemia nauplii in the animal culture room, which
was maintained at 24±1 °C. The metamorphosed ephyrae in the summer season were fed with
Aurelia sp.1 medusae.
For DNA extraction, Nemopilema tissues were mortar-pulverized in liquid nitrogen and
the powder was homogenized in a lysis solution [2% CTAB, 1.4 M NaCl, 100 mM Tris-Cl (pH
8.0), 20 mM EDTA, 1% β-mercaptoethanol], and incubated at 65°C for 1 h. The same volume
of a phenol:chloroform:isoamylalchol (23:24:1) mixture was added to denature the proteins
and the phases were separated by centrifugation at 12,000 rpm for 15 min at room temperature.
The aqueous phase was saved and incubated at 37°C for 1 h after RNase A (30 mg/ml) was
added. The DNA was extracted with a phenol:chloroform:isoamyl alcohol (25:24:1) mixture,
a chloroform:isoamly alcohol (24:1) mixture was added, and the samples were centrifuged at
12,000 rpm for 15 min at room temperature. A 1/10 volume of 3 M sodium acetate (pH 5.2)
and the same volume of 100% ethanol were added into the retained aqueous phase. The
precipitated DNA was washed using 70% ethanol and re-suspended in an appropriate volume
of ion-exchanged ultrapure water. The DNA quantity was verified by the picogreen method
using Victor 3 fluorometry, and agarose gel electrophoresis.

RNA was extracted from jellyfish tissues, including the bell and tentacles of
Nemopilema medusa; polyp, ephyra and medusa (bell, tentacles, and oral arms) stages
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of Sanderia. Each tissue was mortar-pulverized in liquid nitrogen. The tissue powder
was then homogenized in 700 µl of lysis solution [35 mM EDTA, 0.7 M LiCl, 7% SDS,
200 mM Tris-Cl (pH 9.0)], and RNA was extracted with 700 µl of water-saturated
phenol. A one-third volume of 8 M LiCl was added to the retained aqueous phase, which
was maintained at 4°C for 2 h. RNA was precipitated after centrifugation at 14,000 rpm
for 30 min followed by resuspension in 300 µl of DEPC-treated water. RNA was then
re-precipitated with 1/10 volumes of 3 M sodium acetate (pH 5.2) and isopropanol. The
precipitated RNA was rinsed with 70% ethanol (diluted in DEPC-treated water) and
dissolved in an appropriate volume of DEPC-treated water (30–40 µl). The RNA
quantity and integrity was analyzed using a NanoDrop ND-1000 spectrometer and an
Agilent 2100 Bioanalyzer with RNA Integrity Number (RIN) value greater than 7.
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1.2 Species identification
Species identification of Nemopilema was confirmed by comparing the MT-COI gene of five
species of jellyfish. We aligned Nemopilema Illumina short reads (~400 bp insert-size) to the
MT-COI

gene

of

Chrysaora

quinquecirrha

(NC_020459.1),

Cassiopea

frondosa

(NC_016466.1), Craspedacusta sowerbyi (NC_018537.1), and Aurelia aurita (NC_008446.1)
jellyfish with BWA-MEM aligner (Li 2013). Consensus sequences for each jellyfish were
generated using SAMtools (Li et al. 2009). The consensus sequence from C. sowerbyi was
excluded due to low coverage. We conducted multiple sequence alignment using MUSCLE
(Edgar 2004) and ran the MEGA v7 (Kumar et al. 2016) neighbor joining phylogenetic tree
(gamma distribution) with 1,000 bootstrap replicates. Three Nemopilema consensus sequences
form a monophyletic clade within the MT-COI gene of Nemopilema (AB243416.1), which was
downloaded from the NCBI database (Supplementary Figure 1.2.1).

Supplementary Figure 1.2.1: Species identification for Nemopilema nomurai jellyfish.
Numbers on nodes denote bootstrap values based on 1,000 replicates.

154

2 Sequencing and assembly
2.1 Estimating genome size and complexity
Marine species, especially invertebrates, typically show high levels of genome heterozygosity
(Ellegren & Galtier 2016), which affects the assembly quality. To determine the optimal
sequencing strategies for the jellyfish assembly, we sequenced 18.5 Gb (86.8× coverage) of
Illumina short (~400 bp insert size) paired-end reads to estimate the genomic complexity of
Nemopilema using the K-mer analysis of the JELLYFISH program (Marçais & Kingsford
2011). The distributions of four different K-mer frequency plots showed two peaks in the
Nemopilema genome (Supplementary Figure 2.1.1), indicating that it has a highly heterozygous
genome. From a K-mer (K=17, 19, 21, and 23) analysis, the Nemopilema genome size was
estimated to be 211~221 Mb (Supplementary Table 2.1.1).

Supplementary Figure 2.1.1: Distribution of K-mer frequency in the error-corrected reads.
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Supplementary Table 2.1.1: K-mer analysis for estimating genome size.
K-mer size
17
19
21
23

Total K-mer count
9,934,145,023
9,732,013,270
9,520,986,025
9,302,429,653

Peak depth
47
45
44
42
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Estimated genome size
211,364,788
216,266,962
216,386,046
221,486,420

2.2 Sequencing and assembly
To minimize heterozygosity bias, we sequenced and assembled the jellyfish genome using the
following sequencing data: Pacific Biosciences (PacBio) single molecule real time sequencing
(SMRT) reads, Illumina TruSeq synthetic long reads (TSLRs), and Illumina mate-pair reads.
First, the extracted genomic DNA was sequenced to a 179× average sequencing depth of
coverage using a Pacific Biosciences RSII instrument with SMRT cell 8Pac V3 and DNA
Polymerase Binding Kit P6 reagents (30 SMRT cells), as a major sequencing data source for a
contig assembly. We obtained 11.4 Kb of median (N50) length of quality filtered PacBio
subreads (Supplementary Figure 2.2.1 and Table 2.2.1). We assembled multiple contig sets
using the Falcon assembler (Chin et al. 2013) with the quality filtered PacBio SMRT subreads
from a diverse set of read length cutoffs (5Kb, 6Kb, 7Kb, 8Kb, 9Kb, 10Kb, and 12Kb)
(Supplementary Table 2.2.2). Second, to extend the contigs into scaffolds, we additionally
generated a set of Illumina long mate-pair libraries (5 Kb, 10 Kb, 15 Kb, and 20 Kb)
(Supplementary Table 2.2.3). PCR duplicated, sequencing and junction adaptor contaminated,
and low quality (<Q20) reads were filtered out, leaving only highly accurate reads for genome
assembly (Supplementary Table 2.2.4). Additionally, short insert size and long insert size reads
were trimmed into 90 bp and 50 bp, respectively, to remove low quality end sequences. We
concatenated the contigs to scaffolds using SSPACE (Boetzer et al. 2011) and the gaps were
filled by aligning the Illumina short paired-end sequences using GapCloser (Luo et al. 2012).
The scaffold set that was closest to the predicted genome size with the longest N50 length was
selected and used for further analyses (Supplementary Table 2.2.5). A total of 255 scaffolds
were generated, totaling 213 Mb of sequence length with a N50 length of 2.71 Mb containing
only 1.48 % of gaps. Just 92 scaffolds (N90 of 524Kb) successfully covered 90% of the jellyfish
genome. However, genome assemblies constructed using PacBio SMRT reads often contain
erroneous sequences (~15%), which are derived from low-quality SMRT reads (Salmela et al.
2017). Conversely, Illumina TSLRs are generated by local assembly of the high-quality short
reads (McCoy et al. 2014). Therefore, we generated 1.92 Gb (~9× coverage) of Illumina TSLRs
(Supplementary Figure 2.2.2 and Table 2.2.6) to correct erroneous sequences in the PacBio
long-read assembly and to close gap regions. To correct base-pair level errors, we performed
three iterations of aligning the Illumina short paired-end sequence to the scaffolds using BWAMEM (Li 2013) and calling variants using SAMtools (Li et al. 2009). Homozygous variants
were substituted using an in-house script. The assembly quality was assessed by aligning the
short sequence reads onto the final scaffolds (~99% of mapping rate) and by comparing the
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assembly statistics of other metazoan species (Supplementary Table 2.2.7). The jellyfish
assembly showed the longest assembly continuity among the cnidarian genomes.

Supplementary Figure 2.2.1: Length distribution of PacBio SMRT reads.
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Supplementary Figure 2.2.2: Length distribution of Illumina TruSeq synthetic long
reads.
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Supplementary Table 2.2.1: PacBio SMRT sequence statistics.
Number of
sequences
Total bases
Average length
Longest length
Shortest length
N50
GC contents
N bases

4,592,385 ea
38,170,953,026 bp
8,311.79 bp
50,973 bp
35 bp
11,383 bp
38.60%
0.00%

Supplementary Table 2.2.2: Contig assembly statistics using PacBio SMRT reads.
PacBio long read length cutoffs
5Kb
# of sequences

6Kb

7Kb

8Kb

9Kb

10Kb

12Kb

2,519

2,453

2,078

1,570

1,456

1,140

1,237

221,141,034

221,771,871

217,392,668

211,465,427

209,338,243

203,154,934

195,823,825

Longest sequence

3,777,904

3,622,163

3,634,349

5,223,426

4,088,286

4,357,459

2,392,030

Shortest sequence

2

9

2

10

14

10

26

N50

609,640

570,382

669,977

794,113

770,490

952,382

490,833

GC %

38.02%

37.99%

38.07%

38.17%

38.21%

38.20%

38.25%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

Total bases

N bases

Supplementary Table 2.2.3: Illumina sequence statistics.
Read
InsertTotal number
Library
length Total bases (bp)
size
of reads
(bp)
L1_1
92,425,518
100
9,242,551,800
400bp
L1_2
92,425,518
100
9,242,551,800
L1_1
133,617,621
101 13,495,379,721
5Kb
L1_2
133,617,621
101 13,495,379,721
L1_1
112,497,349
101 11,362,232,249
10Kb
L1_2
112,497,349
101 11,362,232,249
L1_1
70,627,241
100
7,062,724,100
15Kb
L1_2
70,627,241
100
7,062,724,100
L1_1
71,850,585
100
7,185,058,500
20Kb
L1_2
71,850,585
100
7,185,058,500
Total
962,036,628
96,695,892,740

160

Depth
(×, divided by
213Mb)
43.4
43.4
63.4
63.4
53.3
53.3
33.2
33.2
33.7
33.7
454

Total
depth
(×)
86.8
126.7
106.7
66.3
67.5
454

Supplementary Table 2.2.4: Filtered Illumina sequence statistics.
Insertsize
400bp
5Kb
10Kb
15Kb
20Kb
Total

Library
L1_1
L1_2
L1_1
L1_2
L1_1
L1_2
L1_1
L1_2
L1_1
L1_2
-

Total
number of
reads
86,434,438
86,434,438
21,407,082
21,407,082
16,094,130
16,094,130
9,090,529
9,090,529
9,965,208
9,965,208
285,982,774

Read
length
(bp)
90
90
50
50
50
50
50
50
50
50
-

Total bases
(bp)
7,779,099,420
7,779,099,420
1,070,354,100
1,070,354,100
804,706,500
804,706,500
454,526,450
454,526,450
498,260,400
498,260,400
21,213,893,740

Depth
(×, divided
by 213Mb)
40.58
40.58
10.05
10.05
7.56
7.56
4.27
4.27
4.68
4.68
134.3

Total
depth (×)
81.16
20.10
15.11
8.54
9.36
134.3

Supplementary Table 2.2.5: Scaffold assembly statistics using PacBio SMRT reads and
Illumina mate-pair reads.
PacBio long read length cutoffs
5Kb
Number of sequences

6Kb

7Kb

8Kb

9Kb

10Kb

12Kb

527

464

465

287

255

185

321

228,171,285

228,617,968

222,893,641

215,793,878

213,630,333

206,423,756

199,029,964

Longest sequence

7,076,075

5,650,389

6,910,851

6,464,488

8,551,441

11,878,115

3,985,671

Shortest sequence

2

9

2

10

14

10

26

2,266,714

2,149,743

1,759,166

2,209,994

2,711,397

3,064,082

1,204,326

38.04%

38.00%

38.08%

38.18%

38.23%

38.22%

38.26%

2.53%

2.45%

1.98%

1.53%

1.48%

1.14%

1.14%

Total bases

N50
GC %
N bases

Supplementary Table 2.2.6: Illumina TruSeq Synthetic Long Reads statistics.
Number of
sequences
Total bases
Average length
Longest length
Shortest length
N50
GC contents
N bases

345,790 ea
1,922,851,266 bp
5,560.75 bp
20,642 bp
500 bp
8,880 bp
38.04%
0.00%
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Supplementary Table 2.2.7: Assembly quality assessment by mapping Illumina reads to
Nemopilema assembly.
Assembly
Nemopilema

400bp
99.74%

Mapping rate
5Kb
10Kb
15Kb
99.14% 99.06% 99.02%
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20Kb
98.71%

3 Genome annotation
3.1 GC content
Genome-wide GC distributions vary between species, which can result in sequencing biases.
We examined the GC content distributions among the four cnidarian genomes along with the
human. We used a 500 bp sliding window along the genomes, with a 250 bp overlap between
two adjacent windows. In general, species that are more closely related are expected to possess
similar distribution curves. However, cnidarian species showed very different GC content
distributions (Supplementary Figure 3.1.1). The GC content of Nemopilema nomurai is
slightly lower than Acropora digitifera and Nematostella vectensis, but much higher than
Hydra magnipapillata.

Supplementary Figure 3.1.1: GC content distributions among cnidarian genomes.
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3.2 Gene annotation
For the protein-coding gene prediction, we applied both homology-based and evidence-based
gene prediction methods. For the homology gene prediction, we searched for sea anemone,
hydra, sponge, human, mouse, and fruit fly protein sequences from NCBI database, and
Cnidaria protein sequences from NCBI Entrez protein database using TblastN (Camacho et al.
2009) with an E-value cutoff of 1E-5. The matched sequences were clustered using GenBlastA
(She et al. 2009) and filtered by coverage and identity of >40% criterion. Gene models were
predicted using the Exonerate program (Slater & Birney 2005) and exon hints were extracted
using the exonerate2hints.pl script of the AUGUSTUS program (Stanke et al. 2006). For the
evidence-based gene prediction, we aligned the bell and tentacle RNA-seq reads to the repeat
masked jellyfish genome assembly using the TopHat program (v2.0.9) (Trapnell et al. 2009).
To remove redundantly aligned reads, we filtered the alignment results with the --uniq option
using the filterBam command of AUGUSTUS. Intron hints were generated using the bam2hints
command of AUGUSTUS. Jellyfish protein-coding genes were determined using AUGUSTUS
with the exon and intron hints with >=30 amino acids criteria (Supplementary Table 3.2.1).
Finally, we filtered the protein-coding genes that had breaks in the three-letter codon frame,
premature stop codons, and ambiguous bases in the CDS (Supplementary Table 3.2.2). The
genome assembly and gene annotation completeness were assessed by the commonly used
single-copy ortholog mapping approach (Simao et al. 2015) (Supplementary Table 3.2.3).
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Supplementary Table 3.2.1: Statistics of pre-filtered protein-coding gene properties in
metazoans and holozoan.

Species
N. nomurai
H. magnipapillata
N. vectensis
A. digitifera
T. adhaerens
A. queenslandica
M. leidyi
M. brevicollis
C. elegans
D. rerio
D. melanogaster
H. sapiens

# of proteinAvg.
Avg. third
Avg. CDS
Avg. intron
coding
CDS
codon GC ratio
length (bp)
length (bp)
genes
count
(%)
19,525
1,456.6
7.6
4,571.5
0.444
20,042
1,255.3
6.0
13,025.0
0.263
24,773
1,004.2
5.3
3,441.4
0.494
26,060
1,337.0
6.2
5,718.6
0.420
11,518
1,359.4
8.4
2,101.1
0.310
13,624
1,470.4
8.0
1,854.9
0.379
16,548
1,384.5
5.5
4,058.7
0.480
9,171
1,801.1
7.5
1,110.1
0.650
20,257
1,233.6
6.1
1,570.7
0.405
26,382
1,680.1
9.4
23,392.7
0.547
13,906
1,608.6
4.0
2,884.1
0.639
19,856
1,738.1
9.9
48,641.1
0.599

Supplementary Table 3.2.2: Statistics of post-filtered protein-coding gene properties in
metazoans and holozoan.

Species
N. nomurai
H. magnipapillata
N. vectensis
A. digitifera
T. adhaerens
A. queenslandica
M. leidyi
M. brevicollis
C. elegans
D. rerio
D. melanogaster
H. sapiens

# of proteinAvg.
Avg. third
Avg. CDS
Avg. intron
coding
CDS
codon
length (bp)
length (bp)
genes
count
GC ratio (%)
18,962
1,441.3
7.5
4,486.8
0.444
17,331
1,220.2
5.5
11,711.4
0.246
24,567
1,003.0
5.3
3,433.0
0.494
25,295
1,315.0
6.0
5,598.4
0.420
11,491
1,359.6
8.4
2,103.9
0.310
12,811
1,478.9
8.0
1,851.9
0.376
15,922
1,385.0
5.5
4,010.2
0.480
9,153
1,801.0
7.5
1,105.3
0.650
20,256
1,233.5
6.1
1,570.7
0.405
25,654
1,680.8
9.4
23,366.3
0.547
13,864
1,603.7
4.0
2,888.9
0.639
19,797
1,735.8
9.9
48,707.5
0.599
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Supplementary Table 3.2.3: Gene-set quality assessment using a single-copy ortholog
mapping approach.
Species

A. digitifera
A. queenslandica
C. elegans
D. rerio
D. melanogaster
H. sapiens
H. magnipapillata
M. leidyi
M. brevicollis
N. nomurai
N. vectensis
T. adhaerens

Complete

Duplicate

Count

%

Count

%

342
390
417
424
425
426
401
371
349
409
383
397

79.7%
90.9%
97.2%
98.8%
99.1%
99.3%
93.5%
86.5%
81.4%
95.3%
89.3%
92.5%

122
124
105
156
133
145
129
88
86
150
133
101

28.4%
28.9%
24.5%
36.4%
31.0%
33.8%
30.1%
20.5%
20.0%
35.0%
31.0%
23.5%
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Fragment
Count

65
24
4
4
0
2
16
32
34
12
29
22

%

15.2%
5.6%
0.9%
0.9%
0.0%
0.5%
3.7%
7.5%
7.9%
2.8%
6.8%
5.1%

Missing
Count

22
15
8
1
4
1
12
26
46
8
17
10

%

5.1%
3.5%
1.9%
0.2%
0.9%
0.2%
2.8%
6.1%
10.7%
1.9%
4.0%
2.3%

Total
BUSCO
genes

429
429
429
429
429
429
429
429
429
429
429
429

3.3 Repeat annotation
To annotate the repetitive elements in the jellyfish genome, we searched the genome for tandem
repeats using the Tandem Repeats Finder database (Benson 1999). Transposable elements
(TEs) were identified using both homology-based and ab initio-based approaches. The Repbase
(Jurka et al. 2005) database version 19.03 was used for the homology-based approach to
identify repeats using RepeatMasker (version 4.0.5) (Tarailo-Graovac & Chen 2009) and
RMBlast (version 2.2.28). For the ab initio-based approach, we used RepeatModeler version
1.0.7 (Price et al. 2005). All predicted repetitive elements were merged prior to statistical
analyses using in-house scripts. These methods were then adapted to predict repeat elements
in the other published cnidarian genomes (Nematostella, Acropora, and Hydra)
(Supplementary Table 3.3.1).
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Supplementary Table 3.3.1: Repeat annotation of cnidarians.
Repeat type
DNA
LINE
LTR
Low complexity
Retroposon
SINE
Satellite
Simple repeat
Tandem repeat
Unknown
Unspecified
Total TE
Genome size
% of repeat elements

Nemopilema
nomurai
5,440,773
2,291,406
1,740,085
269,113
136,032
33,340
2,641,456
19,010,792
27,423,499
45,007,573
213,630,333
21.07%

Nematostella
vectensis
55,668,977
7,410,687
8,222,409
380,420
1,508
10,839
9,089,245
4,807,011
40,720,293
3,852,181
2,621,786
119,934,142
356,613,585
33.63%
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Acropora
digitifera
10,897,434
9,107,195
7,747,783
637,357
49,143
148,098
4,452,246
10,842,313
973,386
1,206,277
42,310,111
447,497,157
9.45%

Hydra
magnipapillata
173,628,759
122,090,336
7,453,663
6,093,798
1,959
15,574
130,167
37,670,762
55,194,832
29,189
2,967,316
365,319,848
852,170,992
42.87%

4 Evolutionary analysis
4.1 Orthologous gene clustering and phylogenetic analysis
Orthologous gene clustering of protein-coding genes from 11 metazoans (Nemopilema
nomurai, Hydra magnipapillata, Acropora digitifera, Nematostella vectensis, Caenorhabditis
elegans, Danio rerio, Drosophila melanogaster, Homo sapiens, Trichoplax adhaerens,
Amphimedon queenslandica, and Mnemiopsis leidyi) and one unicellular holozoan (Monosiga
brevicollis: as an out-group) was conducted using the OrthoMCL (version 2.0.9) program (Li
et al. 2003). We found 306 single-copy gene families in the 12 species. To infer the jellyfish
phylogeny, we used protein sequences of 100 single-copy gene families, and the PROTCATLG
model in the RAxML (version 8.2.8) program (Stamatakis 2006). We also estimated the
divergence time using the MCMCtree program with the approximate likelihood calculation
algorithm as implemented in the PAML package (Yang 2007). The divergence date of the
zebrafish-human node was constrained to 435 million years ago (MYA) and the fruit flyroundworm was constrained to 743 MYA based on the TimeTree database (Hedges et al.
2006). As expected, Nemopilema and Hydra formed a monophyletic clade that branched off
the cnidarian stem before the common ancestor of Anthozoa arose (Supplementary Figure
4.1.1).
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Supplementary Figure 4.1.1: Phylogenetic tree with divergence times using 306 singlecopy genes. Numbers on nodes denote bootstrap values based on 100 replicates.
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4.2 Gene family expansions and contractions
Changes in the size of gene families can result from adaptive evolution of species, relaxation
of selection pressures, or stochastic effects (Demuth et al. 2006). To examine changes in gene
families of Nemopilema, a gene family expansion and contraction analysis was conducted using
the CAFÉ program (Han et al. 2013) with the estimated divergence times and phylogenetic
tree topology. We used a P-value < 0.05 criterion for significantly changed gene families.
Cnidaria gene family expansions and contractions were defined by comparing the common
ancestor of Cnidaria with common ancestor of Cnidaria-Bilateria (Supplementary Tables 4.2.1,
4.2.2). Similarly, the expansion and contraction of gene families in Nemopilema were defined
by comparing the Nemopilema branch with the Nemopilema-Hydra common ancestor
(Supplementary Tables 4.2.3, 4.2.4). Functional enrichment tests for expanded and contracted
gene families were performed using the DAVID Bioinformatics Resources program (Huang da
et al. 2009).
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Supplementary Table 4.2.1: GO enrichment of genes that were contracted in Cnidaria
compared to the common ancestor of Cnidaria and Bilateria.
Term
GO:0007608~sensory perception of smell
GO:0007606~sensory perception of chemical stimulus
GO:0004984~olfactory receptor activity
GO:0050877~neurological system process
GO:0050890~cognition
GO:0007600~sensory perception
GO:0045095~keratin filament
GO:0007186~G-protein coupled receptor protein signaling pathway
GO:0007166~cell surface receptor linked signal transduction
GO:0005882~intermediate filament
GO:0045111~intermediate filament cytoskeleton
GO:0015020~glucuronosyltransferase activity
GO:0004252~serine-type endopeptidase activity
GO:0017171~serine hydrolase activity
GO:0008236~serine-type peptidase activity
GO:0004970~ionotropic glutamate receptor activity
GO:0005234~extracellular-glutamate-gated ion channel activity
GO:0016021~integral to membrane
GO:0031224~intrinsic to membrane
GO:0008066~glutamate receptor activity
GO:0005886~plasma membrane
GO:0004175~endopeptidase activity
GO:0005230~extracellular ligand-gated ion channel activity
GO:0005198~structural molecule activity
GO:0051969~regulation of transmission of nerve impulse
GO:0031644~regulation of neurological system process
GO:0007215~glutamate signaling pathway
GO:0031645~negative regulation of neurological system process
GO:0045211~postsynaptic membrane
GO:0050804~regulation of synaptic transmission
GO:0044430~cytoskeletal part
GO:0003956~NAD(P)+-protein-arginine ADP-ribosyltransferase
activity
GO:0008328~ionotropic glutamate receptor complex
GO:0070011~peptidase activity, acting on L-amino acid peptides
GO:0051966~regulation of synaptic transmission, glutamatergic
GO:0007398~ectoderm development
GO:0006805~xenobiotic metabolic process
GO:0050805~negative regulation of synaptic transmission
GO:0005792~microsome
GO:0008233~peptidase activity
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Count
53
53
52
68
58
54
24
53
63
24
24
11
19
20
19
9
9
110
112
9
86
19
9
23
11
11
6
6
11
10
30

P-value
1.13E-41
2.46E-39
3.65E-39
3.91E-33
2.42E-30
6.65E-29
3.51E-24
2.64E-21
1.67E-18
1.36E-16
2.21E-16
1.18E-14
8.05E-14
1.03E-13
1.01E-12
7.50E-12
1.28E-11
2.09E-10
3.28E-10
1.20E-09
3.34E-09
1.72E-07
1.24E-06
1.80E-06
3.30E-06
4.72E-06
5.33E-06
9.61E-06
1.02E-05
1.30E-05
1.31E-05

FDR
1.60E-38
3.50E-36
4.13E-36
5.57E-30
3.45E-27
9.47E-26
4.02E-21
3.76E-18
2.38E-15
1.22E-13
2.55E-13
1.34E-11
9.11E-11
1.16E-10
1.14E-09
8.49E-09
1.45E-08
2.39E-07
3.75E-07
1.36E-06
3.83E-06
1.94E-04
0.001
0.002
0.005
0.007
0.008
0.014
0.012
0.018
0.015

4

1.31E-05

0.015

5
19
5
11
5
5
13
19

2.48E-05
3.63E-05
3.99E-05
4.67E-05
4.95E-05
6.06E-05
6.14E-05
6.47E-05

0.028
0.041
0.057
0.066
0.070
0.086
0.070
0.073

Supplementary Table 4.2.2: GO enrichment of genes that were expanded in Cnidaria
compared to the common ancestor of Cnidaria and Bilateria.
Term
GO:0030286~dynein complex
GO:0005328~neurotransmitter:sodium symporter activity
GO:0005326~neurotransmitter transporter activity
GO:0016887~ATPase activity
GO:0005930~axoneme
GO:0003777~microtubule motor activity
GO:0005858~axonemal dynein complex
GO:0015370~solute:sodium symporter activity
GO:0005875~microtubule associated complex
GO:0007018~microtubule-based movement
GO:0035085~cilium axoneme
GO:0044447~axoneme part
GO:0006836~neurotransmitter transport
GO:0003774~motor activity
GO:0001539~ciliary or flagellar motility
GO:0015294~solute:cation symporter activity
GO:0005275~amine transmembrane transporter activity
GO:0044441~cilium part
GO:0005887~integral to plasma membrane
GO:0031226~intrinsic to plasma membrane
GO:0008146~sulfotransferase activity
GO:0015293~symporter activity
GO:0016782~transferase activity, transferring sulfur-containing
groups
GO:0044463~cell projection part
GO:0007017~microtubule-based process
GO:0005929~cilium
GO:0005874~microtubule
GO:0005283~sodium:amino acid symporter activity
GO:0015837~amine transport
GO:0042626~ATPase activity, coupled to transmembrane
movement
of substances
GO:0043492~ATPase
activity, coupled to movement of
substances
GO:0016820~hydrolase
activity, acting on acid anhydrides,
catalyzing
transmembrane
movement of substances
GO:0015171~amino acid transmembrane
transporter activity
GO:0004062~aryl sulfotransferase activity
GO:0005416~cation:amino acid symporter activity
GO:0015399~primary active transmembrane transporter activity
GO:0015405~P-P-bond-hydrolysis-driven transmembrane
transporter
activity acid:sodium symporter activity
GO:0005343~organic
GO:0046920~alpha(1,3)-fucosyltransferase activity
GO:0042355~L-fucose catabolic process
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Count
15
13
13
25
13
15
9
13
15
15
10
9
13
15
8
13
12
10
31
31
10
13
10
15
15
12
15
6
11
11
11
11
9
5
6
11
11
7
5
5

P-value
7.77E-23
7.94E-22
1.66E-20
3.64E-18
1.41E-17
1.40E-16
9.78E-16
1.07E-15
2.42E-15
8.21E-15
2.20E-14
4.69E-14
1.14E-13
9.53E-13
9.95E-13
2.27E-12
3.14E-12
6.93E-12
1.49E-11
2.62E-11
4.45E-11
1.82E-10
2.19E-10
2.35E-10
5.21E-10
5.49E-10
1.86E-09
1.87E-09
3.13E-09
4.17E-09
4.56E-09
4.99E-09
7.05E-09
1.12E-08
1.15E-08
1.25E-08
1.25E-08
1.60E-08
1.55E-07
2.96E-07

FDR
8.79E-20
9.54E-19
2.00E-17
4.37E-15
1.60E-14
1.33E-13
1.13E-12
1.33E-12
2.76E-12
1.22E-11
2.50E-11
5.30E-11
1.70E-10
1.14E-09
1.48E-09
2.72E-09
3.77E-09
7.84E-09
1.68E-08
2.96E-08
5.34E-08
2.18E-07
2.63E-07
2.66E-07
7.73E-07
6.21E-07
2.10E-06
2.24E-06
4.65E-06
5.01E-06
5.48E-06
5.99E-06
8.47E-06
1.35E-05
1.39E-05
1.50E-05
1.50E-05
1.92E-05
1.86E-04
4.39E-04

Supplementary Table 4.2.3: GO enrichment of genes that were expanded in Nemopilema
nomurai compared to the common ancestor of Nemopilema and Hydra.
Term
Count
GO:0005003~ephrin receptor activity
14
GO:0030286~dynein complex
15
GO:0005328~neurotransmitter:sodium symporter
13
activity
GO:0005326~neurotransmitter transporter activity
13
GO:0008237~metallopeptidase activity
25
GO:0004867~serine-type endopeptidase inhibitor
19
activity
GO:0016712~oxidoreductase activity, acting on paired
donors, with incorporation or reduction of molecular
13
oxygen, reduced flavin or flavoprotein as one donor,
and incorporation of one atom of oxygen
GO:0015370~solute:sodium symporter activity
15
GO:0070330~aromatase activity
12
GO:0020037~heme binding
19
GO:0005930~axoneme
13
GO:0015020~glucuronosyltransferase activity
11
GO:0046906~tetrapyrrole binding
19
GO:0005858~axonemal dynein complex
9
GO:0006836~neurotransmitter transport
15
GO:0004866~endopeptidase inhibitor activity
19
GO:0005624~membrane fraction
40
GO:0003777~microtubule motor activity
15
GO:0005887~integral to plasma membrane
49
GO:0030414~peptidase inhibitor activity
19
GO:0004714~transmembrane receptor protein tyrosine
14
kinase activity
GO:0008233~peptidase activity
34
GO:0031226~intrinsic to plasma membrane
49
GO:0005792~microsome
22
GO:0005626~insoluble fraction
40
GO:0042598~vesicular fraction
22
GO:0044447~axoneme part
9
GO:0035085~cilium axoneme
10
GO:0004222~metalloendopeptidase activity
16
GO:0004970~ionotropic glutamate receptor activity
9
GO:0044463~cell projection part
21
GO:0070011~peptidase activity, acting on L-amino
32
acid peptides
GO:0015294~solute:cation symporter activity
15
GO:0005234~extracellular-glutamate-gated ion channel
9
activity
GO:0005875~microtubule associated complex
15
GO:0001539~ciliary or flagellar motility
8
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P-value
2.26E-21
6.61E-18

FDR
2.91E-18
8.04E-15

8.18E-18

1.06E-14

1.66E-16
1.99E-16

1.44E-13
2.89E-13

1.11E-15

1.43E-12

5.00E-15

6.45E-12

1.50E-14
1.95E-14
1.58E-13
2.04E-13
2.08E-13
4.94E-13
5.70E-13
2.87E-12
3.81E-12
5.04E-12
5.15E-12
6.21E-12
9.61E-12

1.94E-11
2.52E-11
2.04E-10
2.48E-10
2.69E-10
6.38E-10
6.94E-10
4.58E-09
4.92E-09
6.13E-09
6.65E-09
7.55E-09
1.24E-08

1.27E-11

1.64E-08

1.34E-11
1.39E-11
1.40E-11
1.54E-11
2.43E-11
2.64E-11
2.71E-11
2.86E-11
7.31E-11
8.49E-11

1.72E-08
1.69E-08
1.70E-08
1.87E-08
2.96E-08
3.21E-08
3.30E-08
3.69E-08
9.44E-08
1.03E-07

9.53E-11

1.23E-07

9.94E-11

1.28E-07

1.25E-10

1.61E-07

1.26E-10
1.78E-10

1.54E-07
2.84E-07

GO:0007018~microtubule-based movement
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15 2.12E-10

3.38E-07

Supplementary Table 4.2.4: GO enrichment of genes that were contracted in Nemopilema
nomurai compared to the common ancestor of Nemopilema and Hydra.
Term
GO:0000786~nucleosome
GO:0006334~nucleosome assembly
GO:0032993~protein-DNA complex
GO:0031497~chromatin assembly
GO:0065004~protein-DNA complex assembly
GO:0034728~nucleosome organization
GO:0006323~DNA packaging
GO:0006333~chromatin assembly or disassembly
GO:0000785~chromatin
GO:0006325~chromatin organization
GO:0034622~cellular macromolecular complex assembly
GO:0051276~chromosome organization
GO:0034621~cellular macromolecular complex subunit
organization
GO:0005694~chromosome
GO:0044427~chromosomal part
GO:0065003~macromolecular complex assembly
GO:0043933~macromolecular complex subunit organization
GO:0016712~oxidoreductase activity, acting on paired
donors, with
incorporation or reduction of molecular oxygen, reduced
flavin or
flavoprotein as one donor, and incorporation of one atom of
oxygen
GO:0020037~heme binding
GO:0046906~tetrapyrrole binding
GO:0000160~two-component signal transduction system
(phosphorelay)
GO:0070330~aromatase activity
GO:0000155~two-component sensor activity
GO:0004673~protein histidine kinase activity
GO:0016775~phosphotransferase activity, nitrogenous group
as acceptor
GO:0005506~iron ion binding
GO:0009055~electron carrier activity
GO:0005792~microsome
GO:0042598~vesicular fraction
GO:0019825~oxygen binding
GO:0031420~alkali metal ion binding
GO:0046872~metal ion binding
GO:0008378~galactosyltransferase activity
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Count
25
25
25
25
25
25
25
25
25
28
25
28

P-value
1.34E-36
5.45E-33
9.37E-33
1.43E-32
4.89E-32
8.82E-32
3.93E-29
3.30E-28
2.65E-23
3.82E-20
1.81E-18
2.25E-17

FDR
1.53E-33
7.69E-30
1.07E-29
2.02E-29
6.89E-29
1.24E-28
5.55E-26
4.66E-25
3.03E-20
5.39E-17
2.55E-15
3.17E-14

25

2.59E-17 3.66E-14

27
25
27
27

6.14E-17
1.41E-16
4.69E-13
2.10E-12

1.22E-13
1.22E-13
6.61E-10
2.96E-09

9

7.62E-11 8.99E-08

13
13

2.60E-10 3.07E-07
5.50E-10 6.49E-07

6

2.00E-09 2.82E-06

7
6
6

4.01E-08 4.73E-05
4.03E-08 4.76E-05
4.03E-08 4.76E-05

6

1.89E-07 2.23E-04

15
13
12
12
7
12
57
6

1.98E-07 2.33E-04
2.37E-07 2.79E-04
0.001
9.06E-07
0.001
1.21E-06
0.001
1.23E-06
0.003
2.47E-06
0.007
5.93E-06
0.009
7.60E-06

GO:0043169~cation binding
GO:0003677~DNA binding
GO:0004035~alkaline phosphatase activity
GO:0043167~ion binding

57
39
4
57

177

8.13E-06
8.37E-06
1.04E-05
1.33E-05

0.010
0.010
0.012
0.016

4.3 Protein domain expansions
A protein domain is a conserved unit of a given protein sequence. The domain regions were
predicted from the protein sequences using the InterProScan-5.13.52.0 program (Zdobnov &
Apweiler 2001) with ProDom, Hamap, SMART, SUPERFAMILY, PRINTS, PANTHER,
Gene3D, PIRSF, Pfam, ProSiteProfiles, TIGRFAM, ProSitePatterns, and Coils databases
(Supplementary Data 1). To identify protein domains that are specifically expanded in the
Nemopilema lineage, we conducted Fisher’s exact test for Pfam categories comparing in-group
counts (Nemopilema) to average counts in the outgroups (all other species in the analysis). This
test was iterated over all domains, and the P-values obtained were corrected with a 5% false
discovery rate (FDR) to identify the significantly expanded domains in Nemopilema. To
visualize these expanded domains, counts were normalized by Z-score (row) and significantly
expanded domains were plotted using the heatmap function in R. We found 20 significantly
expanded protein domains in the Nemopilema genome. Among them, Astacin (PF01400) and
CUB (PF00431) domains are known to be associated with activation of growth factors (Bond
& Beynon 1995) and regulating development (Bork & Beckmann 1993), respectively
(Supplementary Figure 4.3.1). Also expanded in Nemopilema is the ShK domain-like
(PF01549), which is related to Cnidaria toxin (Rachamim et al. 2015). These expanded
domains were also abundantly found in the previously published Aurelia aurita transcriptome
study (Brekhman et al. 2015).
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Supplementary Figure 4.3.1: Expanded domains in Nemopilema nomurai based on Pfam
domain annotation.
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4.4 Fast-evolving genes
To identify fast-evolving genes, which show elevated substitution rates in their amino-acid
sequences, we used the orthologous gene clusters (see Supplementary Note 4.1) and required
each of the sequences from Nemopilema, Acropora, Nematostella, Hydra, and human (as an
out-group) to be present in the same cluster. We filtered out the clusters that contained multicopy genes in cnidarians. We conducted multiple sequence alignments using MUSCLE (Edgar
2004) and inferred maximum-likelihood phylogenies using the generalized time-reversible
(GRT) model (Tavaré 1986) in the program FastTree (Price et al. 2010). We identified 177
gene families which showed elevated substitution rates in Nemopilema amino-acid sequences
(Supplementary Data 2). Functional analyses of these genes revealed that RNA processing
related functions were enriched in Nemopilema (Supplementary Table 4.4.1). RNA processing
events allow a diverse array of proteins to be synthesized from a single gene and contributes to
the evolution and the diversity of most eukaryotic organisms (Herbert & Rich 1999).
Additionally, the MYL6B gene in Nemopilema showed the most elevated substitution rate
(Supplementary Figure 4.4.1), which is related to smooth muscle and non-muscle cells and is
highly conserved in mammalian species (Seidel et al. 1988).
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Supplementary Figure 4.4.1: Phylogenetic tree of the fast-evolving MYL6B gene in
Nemopilema nomurai.
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Supplementary Table 4.4.1: GO enrichment that were fast-evolving genes in Nemopilema
nomurai.
Term

Count

GO:0003723~RNA binding
GO:0070013~intracellular organelle lumen
GO:0043233~organelle lumen
GO:0031974~membrane-enclosed lumen
GO:0031981~nuclear lumen
GO:0030529~ribonucleoprotein complex
GO:0006396~RNA processing
GO:0016071~mRNA metabolic process
GO:0005654~nucleoplasm
GO:0006397~mRNA processing
GO:0008380~RNA splicing
GO:0005730~nucleolus
GO:0006351~transcription, DNA-dependent
GO:0032774~RNA biosynthetic process
GO:0043228~non-membrane-bounded organelle
GO:0043232~intracellular non-membrane-bounded
organelle
GO:0006412~translation
GO:0006366~transcription from RNA polymerase II
promoter
GO:0005643~nuclear pore
GO:0000377~RNA splicing, via transesterification
reactions with bulged adenosine as nucleophile
GO:0000375~RNA splicing, via transesterification
reactions
GO:0000398~nuclear mRNA splicing, via spliceosome
GO:0005829~cytosol
GO:0044451~nucleoplasm part
GO:0012505~endomembrane system
GO:0046930~pore complex
GO:0000502~proteasome complex
GO:0006414~translational elongation
GO:0000178~exosome (RNase complex)
GO:0016591~DNA-directed RNA polymerase II,
holoenzyme
GO:0000175~3'-5'-exoribonuclease activity
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P-value

FDR

27
41
41
41
34
18
19
15
21
13
12
18
12
12
40

5.10E-09
5.16E-09
1.00E-08
1.76E-08
1.46E-07
2.31E-06
6.63E-06
1.64E-05
7.28E-05
7.64E-05
1.12E-04
1.16E-04
1.44E-04
1.62E-04
2.35E-04

6.69E-06
6.52E-06
1.26E-05
2.22E-05
1.84E-04
2.92E-03
1.03E-02
2.55E-02
9.20E-02
1.19E-01
1.75E-01
1.46E-01
2.23E-01
2.51E-01
2.97E-01

40

2.35E-04

2.97E-01

12

4.22E-04

6.54E-01

10

5.04E-04

7.81E-01

6

6.36E-04

8.01E-01

8

7.82E-04 1.21E+00

8

7.82E-04 1.21E+00

8
24
14
17
6
5
6
3

7.82E-04
1.06E-03
1.12E-03
1.26E-03
1.46E-03
1.99E-03
3.18E-03
4.74E-03

1.21E+00
1.33E+00
1.41E+00
1.58E+00
1.83E+00
2.48E+00
4.82E+00
5.83E+00

5

5.54E-03 6.78E+00

3

5.88E-03 7.44E+00

GO:0004532~exoribonuclease activity
GO:0016896~exoribonuclease activity, producing 5'phosphomonoesters

183

3

6.90E-03 8.68E+00

3

6.90E-03 8.68E+00

5 Genetic signatures of mobility, neuronal signal processing, and osmotic
regulation
The development of muscle contractions is one of the most important and distinctive
adaptations of eumetazoans. Cnidarian muscles are involved in various activities in close
association with the nervous system (Leclère & Röttinger 2016). Jellyfish possess a unique
form of mobility and propel by contracting the striated muscle of the subumbrella. Bell
contractions are regulated by a complex nervous system, including neural nets and
concentrations of nerve cells at the bell margin (nerve rings) (Satterlie 2011).
Among cnidarians, the medusae of Scyphozoa and its sister-group Cubozoa uniquely
possess rhopalia at their bell margin. Rhopalia are small sensory structures to sense light
(ocelli) and perceive gravity (statoliths), as well as controlling the pace of swimming-muscle
contraction (Lesh-Laurie & Suchy 1991). A previous study proposed that rhopalia evolved
from preexisting sensory structures through the differential expression of POU genes within
Otx oral-neuroectodermal domains across distinct populations of sensory cells (Nakanishi et
al. 2010). Furthermore, Otx is expressed in developing tentacles of the anthozoan Nematostella
vectensis (Mazza et al. 2007). To further explore the role of these genes in the jellyfish, we
compared Otx and POU genes from three scyphozoans (Nemopilema, Aurelia sp.1, and
Sanderia malayensis) and other cnidarians (Nematostella, Hydra, and Acropora). Nemopilema
has two Otx and four POU genes that clustered with those of other cnidarians (Supplementary
Figures 5.1.1 and 5.1.2). Of these, OtxA shows an extremely conserved homeodomain among
scyphozoans, while anthozoans and hydrozoans show relatively different pattern
(Supplementary Figure 5.1.1). In Sanderia, the expression levels of OtxA gradually increased
from the polyp to the ephyra. Furthermore, OtxA was also expressed in both the oral arms and
bell from the Sanderia medusa, but there was no observed expression in the tentacle
(Supplementary Table 5.1.1). Together, these findings suggest that Otx gene may play an
evolutionarily important role in developing rhopalia in schyphozoan.
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Supplementary Figure 5.1.1: Analysis of the Otx gene family protein sequences.
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Supplementary Figure 5.1.2: Analysis of the POU gene family protein sequences.

Supplementary Table 5.1.1: Expression values of Otx and POU genes in S. malayensis
transcriptome.

Gene

Polyp

Strobila

Medusa

Ephyra
Bell

Tentacles

Oral arms

Merged

OtxA

225.1

975.5

1168.0

833.4

0.0

529.6

502.4

OtxB

1247.0

2419.1

1891.4

1638.7

3956.0

44.7

2010.1

POUI

105.7

59.3

56.8

62.6

102.9

48.5

79.6

96.1

327.7

223.5

323.6

249.2

642.9

136.9

565.4

231.7

284.0

150.3

558.0

341.0

402.4

POUII/III/V
POUIV

POUVI
264.8
214.5
192.1
115.0
115.7
128.6
143.3
*The unit of expression values is FPKM (Fragment Per Kilobase of transcript per Million
mapped reads).
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5.1 GC content at third-codon positions
Guanine and cytosine content at the third codon position (GC3) could be used as a good
indicator of codon bias (Shen et al. 2015). Amino acids encoded by GC third bases appear
more tightly linked to cell function and survival than are those encoded by AT third bases
(Epstein et al. 2000). Thus, we calculated GC3 from eleven metazoans and one unicellular
holozoan gene-sets. We extracted 100 and 500 genes with the top and bottom GC3 ranks from
each genome. A functional enrichment test was then conducted using the ClueGO application
v2.3.2 (Bindea et al. 2009) of the Cytoscape platform v3.4.0 (Shannon et al. 2003). We
compared the GO terms from Nemopilema nomurai with those of the other eleven species to
find Nemopilema specific functions. Nemopilema shows high-scoring top 100 and 500 GC3
biased genes that include enriched terms for muscle contraction, neuropeptide signaling
pathway, homeostasis, and renal system (Supplementary Data 3). The elevated codon bias in
these systems in Nemopilema may be related to its active mobility and rapid osmotic adaptation
to local aquatic environments. This is critical for jellyfish, which migrate diurnally across
depths and also travels rather passively, but extensively, through environments with varying
levels of salinity. Although jellyfish are osmoconformers, which maintain an internal
environment that is isotonic to their external environment, they also need to generate ion
gradients (Campbell et al. 2009). Therefore, we speculate that they have evolved to maintain
homeostasis of ion gradients that are essential for the activation of muscle contractions that
power the jellyfish’s mobile predation, by efficiently minimizing the osmotic gradient onto a
given external environment. Taken together, jellyfish have an interesting combination of active
mobility, neuronal signal processing, and a relatively rapid osmosis response that have
combined to allow it to colonize diverse and highly variable aquatic environments.
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5.2 Gene expression profiling of the jellyfish medusa bell and tentacles
Illumina RNA libraries were prepared from the medusa bell and tentacles of one Nemopilema
nomurai individual and were sequenced using a HiSeq2500 (Supplementary Table 5.2.1).
Reads were filtered out when the Q20 base content was lower than 70%, using the
IlluQCPRLL.pl script from the NGSQCToolkit (version 2.3.3). The filtered reads were mapped
to the Nemopilema genome assembly using TopHat. To avoid mapping ambiguity, only one
unique hit (--max-multihits 1) was permitted. Gene expression of each sample was calculated
using the Fragments Per Kilobase of transcript per Million mapped reads (FPKM) method in
the program Cufflinks (v2.2.1) (Trapnell et al. 2012) and the resulting expression values were
normalized using the upper quartile normalization method (Dillies et al. 2013). Differentially
expressed genes (DEGs) between the tissues were identified by DEGseq (Wang et al. 2009).
Functional enrichment tests of the DEGs were conducted using the ClueGO application, with
GO term (date 02.11.2016) and KEGG pathway (date 08.11.2016). Only terms with Bonferroni
corrected P-value ≤ 0.01 were considered significant. The transcriptome sequencing and
analysis of the S. malayensis medusa bell and tentacles are presented in Supplementary Note
7.1.
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Supplementary Table 5.2.1: Transcriptome sequence statistics of the Nemopilema
nomurai and S. malayensis jellyfish.
Species
Nemopilema

S. malayensis

Stage
Medusa
Polyp
Strobila
Ephyra
Medusa

Tissue
Tentacles
Bell
Mixed
Mixed
Mixed
Tentacles
Bell
Oral arms

Number of
raw read
pairs
30,909,026
33,570,784
32,077,844
35,098,977
34,706,479
31,171,089
34,319,587
39,318,413
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Read
length
(bp)
100
100
100
101
100
101
101
101

Total
bases (bp)
6,181,805,200
6,714,156,800
6,415,568,800
7,089,993,354
6,941,295,800
6,296,559,978
6,932,556,574
7,942,319,426

Number of
clean
reads pairs
29,262,691
31,656,737
30,319,459
33,370,656
32,956,730
30,161,518
32,910,816
38,207,052

% of
clean
reads
94.7%
94.3%
94.5%
95.1%
95.0%
96.8%
95.9%
97.2%

5.3 Expansion of myosin heavy chain and light chain genes
Myosins comprise a superfamily of motor proteins and they play a critical role in muscle
contraction and involvement in a wide range of other motility processes in eukaryotes.
Critically, the Myosin II family, which are found in the cells of both striated muscle tissue and
smooth muscle tissue, is responsible for producing muscle contraction in muscle cells.
Cnidarians possess both epitheliomuscular cells and striated muscle cells. Striated muscle is a
critical component of the subumbrella of the medusa bell, where its fast contractions power the
unique propulsion-based swimming of the jellyfish.
To compare motility related genes, such as the Myosin II gene family, we aligned protein
sequences of eight species to the well characterized human genes. We used two criteria for
downstream analysis as follows:
1) BLAST reciprocal best hit to the human Myosin heavy chain and Myosin light chain genes.
2) BLAST best hit to the human Myosin heavy chain and Myosin light chain genes.
We adapted the BLAST reciprocal best hit method to identify the existence of a target gene,
and the BLAST best hit method was used to identify additional gene copies that related to the
Myosin heavy chain and Myosin light chain genes (Supplementary Table 5.3.1). Using the
BLAST reciprocal best hit method we found two Myosin heavy chain genes and five Myosin
light chain genes in Nemopilema, the largest number of Myosin heavy and light chain genes in
basal metazoans (Supplementary Figures 5.3.1 and 5.3.2). Using the BLAST best hit method,
Nemopilema were also shown to possess the most Myosin heavy and light related genes in
basal metazoans (Supplementary Figure 5.3.3). The domain structure of the MYH genes of
Nemopilema is shown in Supplementary Figure 5.3.4.
Supplementary Table 5.3.1: Number of reciprocal best hit and standard best hit genes.
Species
N. nomurai
H. magnipapillata
N. vectensis
A. digitifera
T. adhaerens
A. queenslandica
M. leidyi
M. brevicollis

# of filtered
protein coding
genes
18,962
17,331
24,567
25,295
11,491
12,811
15,922
9,153
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Reciprocal best
hit genes

Best hit
genes

6,499
5,329
6,910
6,506
5,799
5,454
4,802
3,800

11,890
11,457
17,573
16,616
9,257
10,731
8,853
5,743

Supplementary Table 5.3.2: Structural and regulatory muscle proteins in cnidarians.
Catetory
Integrinbinding
costamere
proteins

Motor and
regulatory
proteins

Dystroglycanassociated
costamere
proteins

Protein name
melusin/chord/integrin-β1
binding protein
Talin
Vinculin
Caldesmon
Calmodulin
Calponin
Myosin essential light chain
Myosin heavy chain type II
Myosin regulatory light chain
Tropomyosin
Troponin C
Troponin I
Troponin T
α/β-Dystrobrevin
α/β-Dystroglycan
α/ε-Sarcoglycan
β-Sarcoglycan
γ-syntrophin
Dystrophin
δ/γ/ζ-Sarcoglycan
α/β-syntrophin

Acropora

Nematostella

Nemopilema

Hydra

-

-

-

-

TLN1
VCL
CALM3
CNN3
MYH7|MYH10
MYLIP
TPM1
DTNB
DAG1
SGCE
SGCB
SNTG1
DMD
SGCG
SNTB2

TLN2
VCL
CALM3
MYH6
MYLIP
TPM3
DTNB
DAG1
SGCE
SGCB
SNTG1
DMD
SGCZ
SNTB2

TLN2
VCL
CALM3
CNN3
MYL4
MYH7|MYH10
MYL9|MYLIP
TPM3
DTNB
DAG1
SGCE
SGCB
DMD
SGCZ
SNTB1

TLN2
CALM3
MYH9
MYLIP
TPM3
DAG1
SGCB
DMD
SGCD
SNTB1

* The gene symbols in each column are human gene symbols that satisfy BLAST reciprocal
best hits with structural and regulatory muscle genes from human.
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Supplementary Figure 5.3.1: Phylogenetic tree of Myosin heavy chain genes using the
BLAST reciprocal best hit method.
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Supplementary Figure 5.3.2: Phylogenetic tree of Myosin light chain genes using the
reciprocal best hit method.
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Supplementary Figure 5.3.3: Phylogenetic tree of Myosin heavy chain genes from the
BLAST best hit method.
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Supplementary Figure 5.3.4: Schematic representation of the Pfam domain
structure of Myosin heavy chain genes using the BLAST best hit method.
Cyan denotes Myosin N-terminal SH3-like domain, red denotes Myosin head
domain, and blue denotes Myosin tail domain.
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6 Evolution of homeobox domain and Wnt gene subfamilies in cnidarians
6.1. Homeodomain evolution
A homeobox is a DNA sequence, found within genes that are involved in the regulation of
patterns of anatomical development (morphogenesis) in animals, fungi and plants (Holland
2013). These sequences encode a homeodomain protein that consists of 60-amino acid helixturn-helix structure, which is highly conserved among animals. To analyze homeodomain
evolution, cnidarian homeodomains were extracted from Pfam domain annotations.
Homeodomains from ParaHox, Hox, and Hox related genes of human and fruit fly were used
to investigate cnidarians homeodomain evolution using BLASTP best hits. We constructed
multiple sequence alignments using MUSCLE and ran FastTree to generate phylogenies using
the Jones–Taylor–Thornton (JTT) model. In total, 83 homeodomains were found in
Nemopilema, while 41, 120, and 148 were found in Hydra, Acropora, and Nematostella,
respectively (Supplementary Table 6.1.1). Interestingly, the sum number of homeodomains of
Nemopilema, Acropora, and Nematostella possess are about two, three, and four times more
than those of Hydra. The most parsimonious explanation is that the common ancestor of
Cnidaria had a similar number of homeodomains as Acropora and Nematostella (Collins et al.
2003; Park et al. 2011). Thus, Nemopilema and Hydra have reduced numbers of
homeodomains compared to those of the Cnidarian ancestor.
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Supplementary Table 6.1.1: Presence of Hox, Hox-related, and ParaHox
homeodomains in Cnidaria.
Species
Category

Genes

EVX
EMX
MOX
Hox-related
GBX
MNX
DLX
MSX
GSX
ParaHox
XLOX/CDX
(PDX)
Number of Hox genes
Total number of
homeobox domain

N. nomurai

H.
A.
N.
magnipapillata digitifera vectensis

O
O
O
O
O
O

O
O
O
O

O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O

O

-

-

O

8

6

6

7

83

41

120

148
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6.2 ParaHox, Hox, and Hox related genes in cnidarians
Hox genes are a subset of homeobox genes and are essential metazoan genes that determine
the identity of embryonic regions along the anterior-posterior axis (Alonso 2002). We searched
Hox genes in cnidarian genomes using the Hox gene homeodomains of human and fruit fly
(Supplementary Figure 6.2.1). Eight Hox genes were found in Nemopilema that are in similar
clusters as other cnidarians. HOX3 and central Hox genes were missing in Nemopilema as other
cnidarians; however, interestingly, five of the eight Hox genes in Nemopilema are posterior
Hox genes (Supplementary Figure 6.2.2). This supports previous reports of the absence of
central Hox genes within Cnidaria, providing further evidence that these genes arose in the
bilateral metazoans (Finnerty et al. 2004; Chourrout et al. 2006; DuBuc et al. 2012). The five
Nemopilema posterior Hox genes were clustered with Nematostella’s posterior Hox genes,
HOXE and HOXF. Other cnidarian species, Nematostella (Anthozoa) (Finnerty et al. 2004;
Chourrout et al. 2006; DuBuc et al. 2012), Clytia hemisphaerica (Hydrozoa) (Chiori et al.
2009), Cassiopeia xamachana (Scyphozoa) (Kuhn et al. 1999), and Hydra (Chourrout et al.
2006) have two, three, four and five copies of posterior Hox genes, respectively. Posterior Hox
genes are related to the development of aboral pole, and Nemopilema and Hydra have the
largest number of posterior Hox genes among Cnidaria. ParaHox genes, GSX, and a gene
related to XLOX and CDX are also found in Nemopilema, though Hydra and Acropora possess
only the GSX gene (see Supplementary Table 6.1.1). These two Nemopilema ParaHox genes
are phylogenetically clustered with other ParaHox genes in Cnidaria and Bilateria. Synteny
analyses show that the candidate XLOX/CDX gene is located immediately downstream of GSX,
in the same tandem orientation as those in Nematostella (Supplementary Figure 6.2.3). Hox
related genes, EVX and EMX, are also present in Nemopilema, although they are absent in
Hydra. Importantly, together these results suggest that XLOX/CDX, EVX, and EMX were
present in the cnidarian common ancestor, and were subsequently lost in some cnidarian
lineages.
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Supplementary Figure 6.2.1: Multiple sequence alignment of homeodomains for Hox and
ParaHox genes with human, fly, and cnidarians.
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Supplementary Figure 6.2.2: Presence and absence of Hox genes in cnidarians. Blue
denotes anterior Hox genes, yellow denotes paralogue group 3 (PG3) Hox genes, green and
purple denote central Hox genes and red denotes posterior Hox genes.
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Supplementary Figure 6.2.3: Arrangements of Hox and ParaHox genes in cnidarians.
Orange denotes Hox genes, and green denotes ParaHox genes.
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6.3 Wnt gene subfamilies in cnidarians
The Wnt signal transduction pathway is an evolutionarily conserved signaling pathway that
regulates many aspects of metazoan development (Komiya & Habas 2008), and has been
proposed to have controlled body plan development in the early metazoans (Kusserow et al.
2005). The Wnt genes encode Wnt ligands which are involved pathways related to pattern
formation, morphogenesis, and organogenesis. It has been proposed that a common ancestral
cluster of Wnt genes (Wnt1–Wnt6–Wnt10) existed in the last common ancestor of arthropods
and deuterostomes (Nusse 2001). We found Wnt1–Wnt6–Wnt10 cluster from Acropora,
indicating that the cnidarian ancestor also possesses Wnt cluster (Supplementary Figure 6.3.1).
Interestingly, Nemopilema, which lacks a Wnt6 ortholog, has a Wnt1–Wnt10 cluster as the same
as human suggesting that the common ancestor of Medusozoa may lose Wnt6 gene after
Anthozoa and Medusozoa split
In Cnidaria, previous analyses of the Wnt genes have focused on Hydra and
Nematostella, which have been shown to have 11 and 13 Wnt genes, respectively (Kusserow
et al. 2005; Lengfeld et al. 2009). Analyses of Wnt genes in Nemopilema revealed clusters of
ten of the thirteen known Wnt gene subfamilies (Supplementary Table 6.3.1). Wnt6 is present
in Acropora and Nematostella, but appears to have been lost in the common ancestor of Hydra
and Neopilema (Supplementary Figure 6.3.1). Absent in Hydra and bilaterans, but present in
Neopilema, WntA is expressed in the early gastrula as a broad expression domain defining the
site of gastrulation, and in Nematostella extends into the involuting ectodermal epithelial layer
at late gastrula stages (Kusserow et al. 2005). Data from several taxa indicate that cnidarians
possess most of the Wnt gene families found in bilaterians, and in many cases expansion of the
gene families occurred before the cnidarians diverged (Kusserow et al. 2005; Lengfeld et al.
2009).
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Supplementary Figure 6.3.1: A primordial cluster of three Wnt gene (Wnt1–Wnt6–Wnt10)
pattern of cnidarians.
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Supplementary Table 6.3.1: Distribution of Wnt genes among cnidarians.

Gene
Wnt1
Wnt2
Wnt3
Wnt4
Wnt5
Wnt6
Wnt7
Wnt8
Wnt9
Wnt10
Wnt11
Wnt16
WntA
Other
Total

Scyphozoa
Nemopilema
1
1
1
0
1
0
1
1
0
1
2
3
1
0
13

Cnidaria
Arthropoda Chordata
Hydrozoa
Anthozoa
Insecta
Mammalia
Hydra
Nematostella Acropora Drosophila Human
1
1
1
1
1
1
1
2
0
2
1
1
1
0
2
0
1
3
0
1
1
1
1
1
2
0
1
1
1
1
1
1
1
1
2
1
2
3
0
2
0
0
0
1
2
3
1
1
1
2
1
1
1
0
1
1
1
1
0
1
0
1
1
0
0
0
0
0
1
0
11
13
17
7
19
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7 Jellyfish developmental stage and retinoic acid signaling
7.1 RNA sequencing and assembly
To understand the developmental basis of molecular function in jellyfish, we performed
transcriptome profiling of the four developmental stages (polyp, strobila, ephyra, and three
medusa stage tissues of bell, tentacles, and oral arms) of Sanderia malayensis. Because of the
large body size of Nemopilema, it is difficult to raise in the laboratory. Therefore, we conducted
transcriptome experiments using S. malayensis, which belongs to the same class Scyphozoa
and provides an additional species for verification of our evolutionary findings and allows us
to extend our inferences more broadly to jellyfish. S. malayensis Illumina RNA libraries were
sequenced using HiSeq2500 with 100bp and 101bp read lengths (see Supplementary Table
5.2.1). Reads were filtered out when the Q20 base content was lower than 70%, using the
IlluQCPRLL.pl script in the NGSQCToolkit. All downstream transcriptome analyses were
based on this filter passed data.
De novo transcriptome assembly was conducted using Trinity v2.2.0 with default
options (Haas et al. 2013). The filtered RNA reads from five S. malayensis transcriptome
samples were used for assembly (Supplementary Table 7.1.1). Assembled transcripts had a
total length of 61 Mb and resulted in 58,290 transcript isoforms and 43,541 unique transcripts,
with a N50 of 2,325 bp. Transcripts annotated to non-metazoan or Artemia (the captive jellyfish
food source) were considered as possible contamination and filtered out. The filtered transcripts
were translated by TransDecoder program (Haas & Papanicolaou 2016), and we obtain 27,915
peptide sequences that were used in downstream analysis. The peptide sequences were
annotated by InterProScan-5.13.52.0 program with Pfam database. To calculate the expression
value for each stage, the filtered RNA reads from each sample were mapped to the filtered
transcriptome assembly using TopHat with the “--max-multihits 1” option. To assess the
quality of the transcript assembly, we aligned the input reads to the assembly. On average, 87%
of the reads were aligned to into the assembled transcripts (Supplementary Table 7.1.2),
indicating that the transcript assembly represented the majority of sequenced reads.
Furthermore, the composition of the protein domains contained in the top 20 ranks was quite
similar between Nemopilema and Sanderia (Supplementary Table 7.1.3).
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Supplementary Table 7.1.1: Transcriptome assembly statistics of S. malayensis.
Raw transcript
assembly
Total number of transcript
Total assembled bases
Average length
Longest length
Shortest length
N50
GC contents

58,290 ea
61,042,797 bp
1,047.23 bp
25,200 bp
201 bp
2,399 bp
39.94%

Redundant filtered
transcripts
assembly
43,541 ea
41,667,470 bp
956.97 bp
25,200 bp
201 bp
2,325 bp
39.74%

Supplementary Table 7.1.2: Quality assessment of S. malayensis transcript assembly
using self-alignment.
Number of clean
read pairs

Mapping rate
(left / right read)

% of concordant
pairs

Stage

Tissue

Polyp

Mixed

30,319,459

25,850,143 / 26,428,010 (85.3/87.2%)

86.2%

Strobila

Mixed

33,370,656

29,819,262 / 28,675,253 (89.4/85.9%)

87.6%

Ephyra

Mixed

32,956,730

28,474,944 / 29,141,521 (86.4/88.4%)

87.4%

Tentacles

30,161,518

26,257,062 / 26,322,083 (87.1/87.3%)

87.2%

Bell

32,910,816

29,727,094 / 29,794,976 (90.3/90.5%)

90.4%

Oral arms

38,207,052

33,535,658 / 33,653,438 (87.8/88.1%)

87.9%

Medusa

206

Supplementary Table 7.1.3: Protein domain abundancy comparison between
Nemopilema and Sanderia.
Nemopilema (from Gene set)

Sanderia (from Transcriptome)
Domain
count

Pfam ID

WD domain, G-beta repeat

839

PF00400

WD domain, G-beta repeat

855

PF00001

7 transmembrane receptor
(rhodopsin family)

422

PF00001

7 transmembrane receptor
(rhodopsin family)

386

3

PF12796

Ankyrin repeats (3 copies)

353

PF00008

EGF-like domain

328

4

PF00008

EGF-like domain

293

PF12796

Ankyrin repeats (3 copies)

316

5

PF13465

Zinc-finger double domain

280

PF07679

Immunoglobulin I-set domain

246

6

PF00078

Reverse transcriptase
(RNA-dependent DNA polymerase)

280

PF07645

Calcium-binding EGF domain

234

7

PF07679

Immunoglobulin I-set domain

277

PF00028

Cadherin domain

234

8

PF00041

Fibronectin type III domain

257

PF13465

Zinc-finger double domain

226

9

PF00028

Cadherin domain

233

PF00090

Thrombospondin type 1 domain

225

10

PF00069

Protein kinase domain

231

PF00069

Protein kinase domain

218

11

PF07645

Calcium-binding EGF domain

221

PF01549

ShK domain-like

213

12

PF00090

Thrombospondin type 1 domain

215

PF00041

Fibronectin type III domain
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13

PF00431

CUB domain

187

PF01391

Collagen triple helix repeat (20 copies)

196

14

PF00665

Integrase core domain

178

PF00076

RNA recognition motif.
(a.k.a. RRM, RBD, or RNP domain)

188

15

PF01391

Collagen triple helix repeat (20 copies)

168

PF00431

CUB domain

158

16

PF00076

RNA recognition motif.
(a.k.a. RRM, RBD, or RNP domain)

167

PF00053

Laminin EGF-like (Domains III and V)

145

17

PF00053

Laminin EGF-like (Domains III and V)

153

PF01344

Kelch motif

144

18

PF13499

EF-hand domain pair

147

PF00595

PDZ domain
(Also known as DHR or GLGF)

136

19

PF01549

ShK domain-like

141

PF00435

Spectrin repeat

134

20

PF00092

von Willebrand factor type A domain

141

PF13499

EF-hand domain pair

132

Rank

Pfam ID

1

PF00400

2

Pfam domain name
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Pfam domain name

Domain
count

7.2 Gene expression profiling and differentially expressed genes in developmental
stages
Gene expression values for each sample was calculated as described in Supplementary Note
5.2. To obtain differentially expressed genes for each stage, we compared each stage with the
previous stage in the life cycle of the jellyfish. For example, polyp stage was compared with
strobila stage, and strobila stage was compared with previous polyp stage and next ephyra
stage. A gene ontology (GO) functional enrichment test was performed for each combination.
Only shared GO terms for medusa tissues were considered as medusa stage DEGs. The polyp
stage, which represents a sessile stage in the jellyfish life cycle, showed enriched terms related
to ion channel activity and energy metabolism (regulation of metabolic process, and amino
sugar metabolic process) (Supplementary Table 7.2.1). Active feeding in the polyp stimulates
asexual proliferation either into more polyps or metamorphosis to strobila. Since anthozoans
do not form a medusa, the strobila asexual reproductive stage is an important stage in which to
study the metamorphosis from polyp to medusa. In this stage, GO terms related to amide
biosynthetic and metabolic process were highly expressed compared to the polyp stage
(Supplementary Table 7.2.2). It has been reported that RGRF-amide and TW-amide
neuropeptide precursor genes were expressed between the polyp and ephyra (Fuchs et al.
2014). However, we could not confirm this finding in our strobila and ephyra stage
comparisons. In our system the gene expression patterns of the two stages are quite similar. In
ephyra, the released mobile stage, GO terms involving amide biosynthetic and metabolic
process were also highly expressed compared to merged medusa stage (Supplementary Table
7.2.3). In the medusa stage, extracellular matrix, metallopeptidase activity, and immune system
process terms were enriched (Supplementary Table 7.2.4), consistent with the physiology of
their bell, tentacles, and oral arm tissue types.
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Supplementary Table 7.2.1: GO enrichment of highly expressed genes in polyp compared
to strobila stage.
GO Id
GO:0099600
GO:0004872
GO:0060089
GO:0015267
GO:0005216
GO:0022838
GO:0022803
GO:0016020
GO:0005230
GO:0015276
GO:0022834
GO:0043565
GO:0038023
GO:0003700
GO:0140110
GO:0004871
GO:0022836
GO:0005509
GO:0010468
GO:0004888
GO:0016021
GO:0031224
GO:0060255
GO:0015318
GO:0050789
GO:0019222
GO:0004930
GO:2001141
GO:0006355
GO:1903506
GO:0051252
GO:0015075
GO:0022892
GO:0006811
GO:0005215
GO:0065007
GO:0022857
GO:0010556
GO:2000112
GO:0009889
GO:0031326

GO Term
transmembrane receptor activity
receptor activity
molecular transducer activity
channel activity
ion channel activity
substrate-specific channel activity
passive transmembrane transporter activity
membrane
extracellular ligand-gated ion channel activity
ligand-gated ion channel activity
ligand-gated channel activity
sequence-specific DNA binding
signaling receptor activity
DNA binding transcription factor activity
transcription regulator activity
signal transducer activity
gated channel activity
calcium ion binding
regulation of gene expression
transmembrane signaling receptor activity
integral component of membrane
intrinsic component of membrane
regulation of macromolecule metabolic process
inorganic molecular entity transmembrane
transporter activity
regulation of biological process
regulation of metabolic process
G-protein coupled receptor activity
regulation of RNA biosynthetic process
regulation of transcription, DNA-templated
regulation of nucleic acid-templated transcription
regulation of RNA metabolic process
ion transmembrane transporter activity
substrate-specific transporter activity
ion transport
transporter activity
biological regulation
transmembrane transporter activity
regulation of macromolecule biosynthetic process
regulation of cellular macromolecule biosynthetic
process
regulation of biosynthetic process
regulation of cellular biosynthetic process
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P-value
5.38E-08
7.64E-08
1.33E-07
5.59E-07
5.59E-07
5.59E-07
5.59E-07
3.09E-06
1.76E-05
3.52E-05
3.52E-05
4.19E-05
4.43E-05
5.15E-05
5.45E-05
6.06E-05
6.35E-05
8.04E-05
8.50E-05
2.00E-04
2.49E-04
2.49E-04
2.72E-04

Q-value
4.54E-05
4.54E-05
5.27E-05
9.50E-05
9.50E-05
9.50E-05
9.50E-05
4.59E-04
2.33E-03
3.80E-03
3.80E-03
4.05E-03
4.05E-03
4.32E-03
4.32E-03
4.44E-03
4.44E-03
5.31E-03
5.32E-03
1.19E-02
1.35E-02
1.35E-02
1.41E-02

2.97E-04

1.47E-02

3.35E-04
5.18E-04
6.64E-04
7.46E-04
7.46E-04
7.46E-04
7.46E-04
7.67E-04
8.00E-04
8.28E-04
8.95E-04
9.68E-04
1.00E-03
1.01E-03

1.59E-02
2.37E-02
2.85E-02
2.85E-02
2.85E-02
2.85E-02
2.85E-02
2.85E-02
2.88E-02
2.89E-02
2.89E-02
2.89E-02
2.89E-02
2.89E-02

1.01E-03

2.89E-02

1.01E-03
1.01E-03

2.89E-02
2.89E-02

GO:0019219
GO:0022891
GO:0006022
GO:1901071
GO:0006030
GO:0006040
GO:0050794
GO:0008083
GO:0051171

regulation of nucleobase-containing compound
metabolic process
substrate-specific transmembrane transporter activity
aminoglycan metabolic process
glucosamine-containing compound metabolic
process
chitin metabolic process
amino sugar metabolic process
regulation of cellular process
growth factor activity
regulation of nitrogen compound metabolic process
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1.02E-03

2.89E-02

1.08E-03
1.16E-03

2.99E-02
3.13E-02

1.29E-03

3.26E-02

1.29E-03
1.29E-03
1.36E-03
1.94E-03
2.02E-03

3.26E-02
3.26E-02
3.37E-02
4.71E-02
4.80E-02

Supplementary Table 7.2.2: GO enrichment of highly expressed genes in strobila
compared to polyp stage.
GO Id
GO:0003735
GO:0005198
GO:1901566
GO:0005840
GO:0006412
GO:0043043
GO:0043604
GO:0006518
GO:0043603
GO:0030529
GO:1990904
GO:0009058
GO:0044271
GO:0044249
GO:0034645
GO:1901576
GO:0009059
GO:0043232
GO:0043228
GO:0044444
GO:0005622
GO:0032991
GO:0034641
GO:0098800
GO:0098798
GO:1901564
GO:0043565
GO:0044455
GO:0044281
GO:0055086
GO:0045263
GO:0009199
GO:0006754
GO:0046034
GO:0015985
GO:0015986
GO:0009141
GO:0009142
GO:0009144
GO:0009145

GO Term
structural constituent of ribosome
structural molecule activity
organonitrogen compound biosynthetic process
ribosome
translation
peptide biosynthetic process
amide biosynthetic process
peptide metabolic process
cellular amide metabolic process
intracellular ribonucleoprotein complex
ribonucleoprotein complex
biosynthetic process
cellular nitrogen compound biosynthetic process
cellular biosynthetic process
cellular macromolecule biosynthetic process
organic substance biosynthetic process
macromolecule biosynthetic process
intracellular non-membrane-bounded organelle
non-membrane-bounded organelle
cytoplasmic part
intracellular
macromolecular complex
cellular nitrogen compound metabolic process
inner mitochondrial membrane protein complex
mitochondrial protein complex
organonitrogen compound metabolic process
sequence-specific DNA binding
mitochondrial membrane part
small molecule metabolic process
nucleobase-containing small molecule metabolic
process
proton-transporting ATP synthase complex,
coupling factor F(o)
ribonucleoside triphosphate metabolic process
ATP biosynthetic process
ATP metabolic process
energy coupled proton transport, down
electrochemical gradient
ATP synthesis coupled proton transport
nucleoside triphosphate metabolic process
nucleoside triphosphate biosynthetic process
purine nucleoside triphosphate metabolic process
purine nucleoside triphosphate biosynthetic
process
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P-value
2.45E-24
1.42E-23
1.39E-22
6.37E-22
1.46E-21
1.46E-21
6.86E-21
8.27E-21
8.38E-20
2.46E-17
2.46E-17
4.62E-17
9.50E-17
3.64E-16
9.06E-16
1.57E-15
2.69E-14
1.07E-12
1.07E-12
8.36E-12
2.46E-08
6.67E-06
3.25E-05
3.88E-05
3.88E-05
5.05E-05
1.02E-04
1.82E-04
2.50E-04

Q-value
2.16E-21
6.26E-21
4.08E-20
1.40E-19
2.14E-19
2.14E-19
8.63E-19
9.11E-19
8.20E-18
1.97E-15
1.97E-15
3.39E-15
6.44E-15
2.29E-14
5.32E-14
8.64E-14
1.39E-12
4.96E-11
4.96E-11
3.68E-10
1.03E-06
2.67E-04
1.24E-03
1.37E-03
1.37E-03
1.71E-03
3.33E-03
5.73E-03
7.52E-03

2.56E-04

7.52E-03

3.32E-04
4.21E-04
4.21E-04
4.21E-04

8.63E-03
8.63E-03
8.63E-03
8.63E-03

4.21E-04
4.21E-04
4.21E-04
4.21E-04
4.21E-04

8.63E-03
8.63E-03
8.63E-03
8.63E-03
8.63E-03

4.21E-04

8.63E-03

GO:0009206
GO:0009205
GO:0009201

purine ribonucleoside triphosphate biosynthetic
process
purine ribonucleoside triphosphate metabolic
process
ribonucleoside triphosphate biosynthetic process
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4.21E-04

8.63E-03

4.21E-04
4.21E-04

8.63E-03
8.63E-03

Supplementary Table 7.2.3: GO enrichment of highly expressed genes in ephyra
compared to medusa stage.
GO Id

GO Term

GO:0003735 structural constituent of ribosome
organonitrogen compound biosynthetic
GO:1901566 process
GO:0043604 amide biosynthetic process
GO:0006412 translation
GO:0043043 peptide biosynthetic process
GO:0005840 ribosome
GO:0005198 structural molecule activity
GO:0006518 peptide metabolic process
GO:0043603 cellular amide metabolic process
GO:0034645 cellular macromolecule biosynthetic process
GO:1901576 organic substance biosynthetic process
cellular nitrogen compound biosynthetic
GO:0044271 process
GO:0044249 cellular biosynthetic process
GO:0030529 intracellular ribonucleoprotein complex
GO:1990904 ribonucleoprotein complex
GO:0009059 macromolecule biosynthetic process
GO:0009058 biosynthetic process
GO:0044444 cytoplasmic part
GO:0043232 intracellular non-membrane-bounded organelle
GO:0043228 non-membrane-bounded organelle
GO:0005622 intracellular
GO:0034641 cellular nitrogen compound metabolic process
GO:0032991 macromolecular complex
GO:0044424 intracellular part
GO:1901564 organonitrogen compound metabolic process
GO:0044391 ribosomal subunit
GO:0043226 organelle
GO:0043229 intracellular organelle
GO:0044267 cellular protein metabolic process
GO:0044464 cell part
eukaryotic translation initiation factor 3
GO:0005852 complex
GO:0019538 protein metabolic process
GO:0015934 large ribosomal subunit
GO:0031072 heat shock protein binding
GO:0008152 metabolic process
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P-value

Q-value

5.64E-28

4.93E-25

2.76E-26
2.77E-25
4.69E-25
4.69E-25
1.08E-24
4.89E-23
5.75E-23
9.30E-23
1.71E-22
1.02E-20

1.21E-23
8.07E-23
8.20E-23
8.20E-23
1.57E-22
6.11E-21
6.28E-21
9.03E-21
1.49E-20
8.11E-19

2.66E-20
7.15E-20
8.10E-20
8.10E-20
1.51E-19
4.63E-19
1.16E-17
1.99E-15
1.99E-15
4.53E-11
3.25E-08
5.18E-08
1.84E-06
2.21E-06
3.58E-06
3.87E-06
7.58E-06
2.83E-05
4.30E-05

1.94E-18
4.72E-18
4.72E-18
4.72E-18
8.25E-18
2.38E-17
5.63E-16
8.70E-14
8.70E-14
1.89E-09
1.29E-06
1.97E-06
6.70E-05
7.73E-05
1.20E-04
1.25E-04
2.37E-04
8.53E-04
1.25E-03

4.17E-04
5.19E-04
5.48E-04
7.68E-04
8.36E-04

1.18E-02
1.42E-02
1.45E-02
1.97E-02
2.08E-02

GO:1901137 carbohydrate derivative biosynthetic process
GO:0006807 nitrogen compound metabolic process
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8.56E-04
9.18E-04

2.08E-02
2.17E-02

Supplementary Table 7.2.4: GO enrichment of highly expressed genes in medusa
compared to ephyra stage.
GO Id
GO:0005576
GO:0030246
GO:0000145
GO:0044448
GO:0044421
GO:0002376
GO:0005509
GO:0006952
GO:0008237
GO:0031012
GO:0005201
GO:0007160
GO:0031589

GO Term
extracellular region
carbohydrate binding
exocyst
cell cortex part
extracellular region part
immune system process
calcium ion binding
defense response
metallopeptidase activity
extracellular matrix
extracellular matrix structural constituent
cell-matrix adhesion
cell-substrate adhesion
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P-value
5.73E-07
1.40E-05
7.85E-05
7.85E-05
1.19E-04
1.47E-04
2.18E-04
2.30E-04
2.42E-04
2.51E-04
2.53E-04
4.91E-04
4.91E-04

Q-value
6.91E-04
8.44E-03
2.37E-02
2.37E-02
2.77E-02
2.77E-02
2.77E-02
2.77E-02
2.77E-02
2.77E-02
2.77E-02
4.55E-02
4.55E-02

7.3 Retinoic acid signaling in cnidarians
Retinoic acid (RA) is a metabolite of vitamin A (retinol) that influences a range of essential
biological processes such as growth and development (Duong & Rochette-Egly 2011). RA acts
by binding to the retinoic acid receptor (RAR), which is bound to DNA as a heterodimer with
the retinoid X receptor (RXR). The RXR is a type of nuclear receptor that is activated by 9-cis
retinoic acid. In a previous study, the RXR was found to belong to the core molecular module
that regulates metamorphosis from polyp to medusa in the jellyfish (Fuchs et al. 2014). Despite
its biological importance, only one RXR was previously identified in Cnidaria while RAR was
reported to be absent (Gutierrez-Mazariegos et al. 2014). Interestingly, we found the RXR gene
in Nemopilema using the BLAST reciprocal best hit method, although it is absent in other nonmedusa-forming cnidarians (Hydra, Acropora, and Nematostella). Other Furthermore, the RXR
gene in other medusa-forming cnidarians, including Tripedalia cystophora (Cubozoa), Clytia
hemisphaerica (Hydrozoa), and Aurelia aurita (Scyphozoa), show remarkable homology to the
vertebrate RXR (Kostrouch et al. 1998; Fuchs et al. 2014); suggesting retinoid signaling was
an important regulatory mechanism in early metazoans. Multiple sequence alignment and
phylogenetic analysis of RXR genes show that the Nemopilema RXR gene forms a
monophyletic clade with Aurelia and Tripedalia (Supplementary Figure 7.3.1). Given this
sequence similarity and presence only in cnidarian species that have a medusa life stage, it is
possible that the RXR gene plays a prominent role in the metamorphosis from polyp to medusa.
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Supplementary Figure 7.3.1: Unrooted tree of Nemopilema RXR gene with other medusa
forming cnidarians.
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7.4 Retinoic acid response elements and nearby genes
Retinoic acid response elements (RAREs) are regions that bind the RAR-RXR protein complex
(So & Crowe 2000). RXR enhances the binding of the RAR protein to the RAREs sequences
(Chambon 2005) and binding of the retinoic acid ligand to RAR alters the conformation of the
RAR, which affects the binding of other proteins that either induce or repress transcription of
a nearby target genes, including Hox (Rhinn & Dolle 2012). The RAREs are composed of two
direct repeats of a core hexameric DNA motif “(A/G)G(G/T)TCA” with 5 bp spaced between
the two repeats (Lalevee et al. 2011). We searched this hexameric DNA motif in Nemopilema
as well as all other species in this study. While the RAR gene was absent in Nemopilema and
all other members of Cnidaria, we did find 1,630 RAREs regions in Nemopilema with an
average distance of 13 Kbp to the nearest gene (Supplementary Table 7.4.1). Furthermore, the
identified RAREs regions were localized with high concentrations of transcription start sites
(TSS) in the four cnidarians, indicating that cnidarians may use RAREs to regulate nearby
genes (Supplementary Figure 7.4.1). Numerous genes within the retinoid pathway and Hox
gene family were found to harbor RAREs (Rhinn & Dolle 2012). To further identify functional
and/or evolutionarily conserved genes that have nearby RAREs, we used the descriptions from
Rhinn et al. (2012) were used. The presence or absence of a gene was determined by using the
BLAST reciprocal best hit method. Nemopilema possessed the largest number of genes within
±20 Kbp from RAREs among non-bilaterian metazoans (Supplementary Table 7.4.2).
Furthermore, the human homolog genes ADRB2, FOXA1, HOXA10, and PRKCA were located
only in Nemopilema within ±20 Kbp from RAREs.
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Supplementary Figure 7.4.1: Genome-wide distribution of the identified RAREs in
Cnidarians. X-axis denote regions between -100Kbp and +100Kbp from TSS, Y-axis denote
number of genes in RAREs.
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Supplementary Table 7.4.1: RAREs in metazoan and holozoan genomes. TSS =
transcription start site.

Species
A. digitifera
A. queenslandica
C. elegans
D. rerio
D. melanogaster
H. sapiens
H. magnipapillata
M. leidyi
M. brevicollis
N. nomurai
N. vectensis
T. adhaerens

Genome size
447,497,157
166,699,561
100,286,401
1,371,719,383
143,726,002
3,209,286,105
852,170,992
155,865,547
41,709,928
213,630,333
356,613,585
105,631,681

# of
filtered
genes
25,295
12,811
20,256
25,654
13,864
19,797
17,331
15,922
9,153
18,962
24,567
11,491

# of
RAREs
regions
2,606
819
500
7,836
666
20,098
2,663
1,509
436
1,630
1,803
290
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# of genes (TSS)
within ±20 Kbp
from RAREs

Avg. distance to
nearest gene
(bp)

Normalized
avg. distance
to nearest gene

5,242
2,112
3,661
5,016
2,408
5,101
1,862
4,457
3,279
4,751
4,021
1,211

20,423
18,048
4,976
83,360
34,103
297,133
21,010
10,776
3,992
13,170
13,073
8,324

1.15
1.39
1.01
1.56
3.29
1.83
0.43
1.10
0.88
1.17
0.90
0.91

Supplementary Table 7.4.2: Genes within ±20 Kbp from RAREs in non-bilaterian
metazoans.
Genes from
Rhinn et al.
ADH7
ADRB1
AFP
ALDH1A1
APOA1
APOA2
APOC3
CD38
CDX1
CEBPE
CRABP2
CRYAB
CSH1
CYP24A1
CYP26A1
DRD2
EGR1
EPO
ETS1

A. digitifera

A.
queenslandica
-

H.
magnipapillata

M. leidyi

M. brevicollis

N. nomurai

N. vectensis

ADRB2
CYP24A1
DRD2
-

CD109
DRD1
-

T.
adhaerens
CD109
-

ICAM1
IL2RA
ITGB3
LAMB1
LEFTY1
MDK

CD207
CYP24A1
FGF2,
FGF18
HSD17B4,
HSD17B14
-

MMP11

-

-

-

-

-

MMP1

NES
NEUROG2
NGFR
NODAL
NR2C1
OLIG2
OXT
PAX6
PCK1
PCP2
PDX1
PITX2
PLAT
POU1F1
POU5F1
PRKCA
PTAFR
PTH1R
RARA
RARB
RARG
RBP1
SFTPB
SHH

NEUROG2
-

POU1F1
-

-

PAX2
POU1F1
-

-

PAX2
POU1F1
PRKCA
-

FGF8
FOXA1
GH1
GH2
GNRH1
HNF1A
HOXA1
HOXA4
HOXB1
HOXB4
HOXB5
HOXD4
HSD17B1

CRYAB
-

-

ADH5
ALDH1A2
-

-

-

-

-

FGF16

-

-

-

-

-

FOXA1
HOXA10
HOXA10
-

-

-

HSD17B7

-

HSD17B10

-

HSD17B4

-

-

LAMB1
-

-

HSD17B10,
HSD17B4
-

-

LAMB1
MMP25,
MMP14
NEUROG1
PAX6
-

-
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-

STAT1
TGM2
TLX2
TSHB
UCP1

-

TGM1
-

-

UCP2

* Gene symbols in table are based on human gene.
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UCP2

-

-

-

8 Venom proteins in cnidarians
Cnidarians are known to produce complex mixtures of proteinaceous venoms used for prey
capture and defense (Mariottini & Pane 2013). Although Scyphozoa are known to be less
dangerous to humans than jellyfish of the class Cubozoa, Nemopilema can lead to systemic
symptoms and have caused human fatalities (Cegolon et al. 2013). Phospholipase A2 (PLA2)
and metalloprotease were well-known toxin related enzymes that are found in Scyphozoa class
(Jouiaei et al. 2015). The PLA2 enzyme hydrolyzes the sn-2 acyl bond of glycerophospholipids
to produce fatty acids including arachidonic acid and lysophospholipid (Nevalainen et al. 2004;
Frazao et al. 2012). Toxic functions of PLA2 in cnidarian venoms have been proposed to
include defense and immobilization and digestion of prey (Talvinen & Nevalainen 2002).
To understand the evolution of venom in jellyfish, We scanned non-bilaterian metazoan gene
sets for all toxin related domains in the Tox-Prot database (Jungo et al. 2012). A total of 6,523
proteins containing 136 unique domains were included in this analysis. We conducted a
multiple sequence alignment using MUSCLE for each venom related domain, which was then
used to generate profile Hidden Markov Models (profile HMMs). A total of 136 domain profile
HMMs were generated and aligned into eight non-bilaterian metazoan gene sets using the
hmmsearch command of HMMER (Johnson et al. 2010). Domains with P-values <0.05 were
considered significant. When two or more domains aligned to the same position, the domain
with the highest score was chosen. In total, 53 out of 136 toxin domains were found in
Nemopilema (Supplementary Table 8).
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Supplementary Table 8: Venom related domains in non-bilaterian metazoans.
A.
digiti
fera

A.
queensl
andica

H.
magnipa
pillata

M. leidyi

N.
vectensi
s

N.
nomur
ai

T.
adhae
rens

Ankyrin repeats (3 copies)

276

398

154

129

EGF-like domain

204

43

37

14

150

162

175

84

11

237

87

EF-hand domain pair

80

36

42

87

81

36

86

79

PF01400

Astacin (Peptidase family M12A)

32

20

36

53

13

0

84

65

PF13637

Ankyrin repeats (many copies)
Fibrinogen beta and gamma chains,
C-terminal globular domain
Trypsin

105

6

134

57

29

23

34

59

19

80

78

16

0

5

89

54

1

PF01562

F5/8 type C domain
Collagen triple helix repeat (20
copies)
Reprolysin (M12B) family zinc
metalloprotease
Kazal-type serine protease inhibitor
domain
Lectin C-type domain
Cysteine-rich secretory protein
family
Kazal-type serine protease inhibitor
domain
Reprolysin family propeptide

75

3

23

17

0

85

51

22

214

0

33

0

0

305

46

1

114

28

15

20

2

45

32

2

20

7

16

10

7

18

23

19

19

1

9

9

1

20

21

2

114

0

38

19

6

44

16

30

38

2

35

17

1

61

15

4

19

1

13

11

0

18

14

6

PF05826

Phospholipase A2

16

0

12

0

0

9

13

5

2

0

4

0

0

3

11

PF01549

0

ShK domain-like

2

0

4

4

0

0

10

PF00135

0

6

1

1

19

9

24

8

24

14

9

3

3

3

13

8

5

PF13833

Carboxylesterase family
Flavin containing amine
oxidoreductase
EF-hand domain pair

6

1

3

8

4

8

8

2

PF00200

Disintegrin

5

1

3

1

0

2

8

8

PF06607

Prokineticin
Coagulation Factor Xa inhibitory
site
Type I phosphodiesterase /
nucleotide pyrophosphatase
Lipase
Kunitz/Bovine pancreatic trypsin
inhibitor domain
WAP-type (Whey Acidic Protein)
'four-disulfide core'
ADAM cysteine-rich

3

0

5

0

0

1

8

0

5

17

5

5

0

8

7

7

7

2

6

1

0

10

7

6

13

0

4

0

0

7

6

5

11

6

6

0

2

24

5

0

9

1

2

1

0

11

5

1

Pfam id

Pfam description

PF12796
PF00008
PF13499

PF00147
PF00089
PF00754
PF01391
PF01421
PF07648
PF00059
PF00188
PF00050

PF01593

PF14670
PF01663
PF00151
PF00014
PF00095
PF08516

M.
brevic
ollis

4

1

7

2

0

3

5

7

43

28

8

10

1

4

4

4

3

1

15

0

0

1

4

2

PF00149

Ankyrin repeat
Insulin-like growth factor binding
protein
Calcineurin-like phosphoesterase

2

2

2

3

1

1

4

3

PF02872

5'-nucleotidase, C-terminal domain

1

1

2

2

1

1

4

3

PF07732

Multicopper oxidase

5

0

0

0

1

0

4

0

PF00326

Prolyl oligopeptidase family
A-macroglobulin complement
component
Alpha-2-macroglobulin family
Alpha-macro-globulin thiol-ester
bond-forming region
Alpha-2-macroglobulin family Nterminal region
Cystatin domain

6

2

2

3

1

4

3

5

5

0

2

2

0

4

3

2

4

0

2

2

0

3

3

2

4

0

2

1

0

4

3

2

4

0

1

0

0

1

3

2

0

0

4

2

0

1

3

0

Phospholipase B
DNA/RNA non-specific
endonuclease
A-macroglobulin receptor

3

1

2

3

4

4

2

1

1

0

1

0

0

3

2

5

6

0

2

0

0

1

2

1

PF00023
PF00219

PF07678
PF00207
PF10569
PF07703
PF00031
PF04916
PF01223
PF07677
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PF01823

MAC/Perforin domain

14

1

6

4

0

9

1

0

PF00068

8

0

2

0

0

10

1

5

1

6

4

6

0

4

1

1

2

1

2

2

0

2

1

4

2

1

2

1

0

1

1

3

PF01630

Phospholipase A2
Trypsin Inhibitor like cysteine rich
domain
Dipeptidyl peptidase IV (DPP IV)
N-terminal region
Translationally controlled tumour
protein
Hyaluronidase

2

0

1

0

0

4

1

0

PF04389

Peptidase family M28

1

1

1

1

1

1

1

1

PF01835

MG2 domain

0

0

1

2

0

1

1

0

PF00341

PDGF/VEGF domain

1

0

1

0

0

0

1

0

PF00087

Snake toxin

0

0

0

1

0

0

1

0

PF10279

Latarcin precursor

0

0

0

0

0

0

1

0

PF06369

Sea anemone cytotoxic protein

5

0

4

0

0

1

0

0

PF00706

Anenome neurotoxin

0

0

0

0

0

9

0

0

PF00622

1

0

2

0

0

0

0

1

1

0

1

0

0

0

0

1

0

0

2

0

0

0

0

0

PF01033

SPRY domain
Glycerophosphoryl diester
phosphodiesterase family
Clostridium epsilon toxin
ETX/Bacillus mosquitocidal toxin
MTX2
Somatomedin B domain

0

0

0

0

1

0

0

0

PF02950

Conotoxin

0

0

0

0

0

1

0

0

PF08086

Ergtoxin family

0

0

0

0

0

1

0

0

PF08116

PhTx neurotoxin family

0

0

0

1

0

0

0

0

PF08562

0

0

0

1

0

0

0

0

1

0

0

0

0

0

0

0

PF02819

Crisp
Neurohypophysial hormones, Cterminal Domain
Spider toxin

1

0

0

0

0

0

0

0

PF15658

Latrotoxin C-terminal domain

1

0

0

0

0

0

0

0

PF01826
PF00930
PF00838

PF13653
PF03318

PF00184
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APPENDIX D: Chapter 5 – Supplementary Information
The whale shark genome reveals how genomic and physiological properties
scale with body size.

1.

Whale shark genome sequencing and assembly

1.1 DNA sample preparation and sequencing.
Genomic DNA was extracted from the heart tissue of a six meter, 11 year old previously dead
male whale shark (Rhinocodon typus, from the Hanhaw Aquarium, Jeju, Republic of Korea.
DNA libraries were constructed using a TruSeq DNA library kit for the short-read libraries and
a Nextera Mate Pair sample prep kit for the mate pair libraries. Libraries were sequenced using
the Illumina HiSeq2500 platform. We obtained roughly 164× of paired-end short reads with
varying insert sizes including mate pair (Supplementary Table 1) and 848,425 TSLRs
(Supplementary Table 2).
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Supplementary Table 1 | Short insert and mate pair library sequencing statistics.
Insert
size

170bp
500bp
700bp

2Kb

5Kb

10Kb
15Kb
Total

Read
Library

length
(bp)

Depth
Number of
read pairs

Total bases (bp)

(genome

Depth

size:

sum (×)

3.2Gb)

L1

100

752,028,952

75,202,895,200

23.5

L2

100

773,203,352

77,320,335,200

24.1

L1

100

532,162,248

53,216,224,800

16.6

L2

100

524,070,876

52,407,087,600

16.4

L1

100

557,235,918

55,723,591,800

17.4

L2

100

463,202,656

46,320,265,600

14.5

L1

50

329,314,538

16,465,726,900

5.1

L2

50

360,090,428

18,004,521,400

5.6

L3

50

270,853,224

13,542,661,200

4.2

L1

50

319,466,530

15,973,326,500

5.0

L2

50

400,800,948

20,040,047,400

6.3

L3

50

386,494,358

19,324,717,900

6.0

L1

50

257,087,152

12,854,357,600

4.0

L2

50

321,876,522

16,093,826,100

5.0

L1

50

341,140,082

17,057,004,100

5.3

L2

50

329,714,826

16,485,741,300

5.1

-

-

6,918,742,610

526,032,330,600
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47.6
33.0
31.9

15.0

17.3

9.0
10.5
164.3

Supplementary Table 2 | Illumina TruSeq synthetic long read (TSLR) sequencing
statistics.
Number of
sequences
Number of bases
(bp)
N50 (bp)
The largest length
(bp)
Average length
(bp)

All

> 1,500bp only

848,425

588,325

3,774,313,129

3,547,450,453

8,407

8,750

21,924

21,924

4,448

6,029
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1.2 Raw data QC trimming and filtering
Low quality or contaminated reads were removed using the following filtering criteria:
1) PCR duplications (the reads were considered duplications if both of the two paired en
d reads are identical).
2) Reads containing adapters.
Left = “GATCGGAAGAGCACACGTCTGAACTCCAGTCAC”
Right = “GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT”
3) Reads which had more than 5% ambiguous base (N).
4) Reads with an average base quality below 20 (<Q20).
5) Reads which had junction adapters in the mate-pair libraries.
Left = “CTGTCTCTTATACACATCT”
Right = “AGATGTGTATAAGAGACAG”
6) Low-quality ends were trimmed for the short-insert libraries (2bp of 5’-end and 8bp o
f 3’-end).
Roughly 120× depth of coverage remained after filtering (Supplementary Table 3).

Supplementary Table 3 | Post QC short insert and mate pair library sequencing statistics.
Remained depth
Insert size

Read length (bp)

Total Reads

Total Bases (bp)

(X, genome size:
3.2Gb)

170bp

90

1,436,964,768

129,326,829,120

40.38963675

400bp

90

561,405,924

50,526,533,160

15.77977543

500bp

90

958,715,504

86,284,395,360

26.9471958

700bp

90

830,451,564

74,740,640,760

23.34200375

2kb

49

260,885,666

12,783,397,634

3.992340881

5kb

49

160,898,212

7,884,012,388

2.462229985

10kb

49

111,938,498

5,484,986,402

1.712998068

15kb

49

103,019,726

5,047,966,574

1.576513842

Total

-

4,424,279,862

372,078,761,398

116.2026945
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1.3 Estimation of genome size using K-mer analysis
The whale shark genome size was estimated by K-mer analysis (K=23) using the
KmerFreq_HA command of the SOAPec program in the SOAPdenovo2 package (Luo et al.,
2012) (Supplementary Figure 1). The genome size was calculated by dividing the total number
of K-mers by a peak depth of K-mers (Supplementary Table 4). The whale shark genome size
was estimated to be approximately 3.14 Gb. Prior to genome assembly, the sequencing errors
in the filtered reads were corrected using the K-mer frequency (K=23) information and the
Corrector_HA command of the SOAPec program (Luo et al., 2012) with a three-depth criterion
for low-frequency K-mer cutoffs.

Supplementary Figure 1 | K-mer distribution frequency in the error-corrected reads,
based on a 23-mer. The x-axis represents depth, and the y-axis represents proportion of K-mer
species, as calculated by the frequency at a certain depth divided by the total frequency at all
depths.
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Supplementary Table 4 | Estimation of the whale shark genome size based on K-mer
frequency using the error corrected reads.
K-mer size
23

Total number of

K depth of

Estimated genome

K-mer

peak

size

144,222,502,823

46

3,135,271,800
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1.4 Genome assembly
The whale shark genome was assembled using the error corrected reads from the short insert
and mate pair libraries (>1 Kb) using SOAPdenovo2 (Luo et al., 2012). As the quality of
assembled genome can be affected by the K-mer size, we used multi-K-mer values (minimum
45 to maximum 63) using the ‘all’ command in the SOAPdenovo2 package (Luo et al., 2012).
The gaps between the scaffolds were closed in two iterations with the short insert libraries (<1
Kb) using the GapCloser program in the SOAPdenovo2 package (Luo et al., 2012). We then
aligned the short insert size reads to the scaffolds using BWA-MEM (Heng Li, 2013) with
default options. Variants were identified using SAMtools (H. Li et al., 2009). At least one of
the alleles from the self-mapping results should be the same as reference. Thus, the erroneous
bases of the assembly which are different from both alleles of the self-mapping results were
changed to one of the alleles. We mapped the Illumina TruSeq synthetic long reads (TSLR) to
the assembly and corrected the gaps covered by the synthetic long reads to reduce erroneous
gap regions in the assembly (Supplementary Table 5). The final length of the assembly is
roughly 3.2 Gb with a scaffold N50 of 2.56 Mb and a contig N50 of 36 Kb (Supplementary
Table 6).

Supplementary Table 5 | Assembly statistics after removing erroneous gap regions with
the TSLRs.
Before substitution

After substitution

Difference

Number of gaps

188,018

172,567

-15,451

Number of monomer-gap

127,356

112,865

-14,491

Bases (bp)

3,202,752,364

3,201,980,496

-771,868

Sequences

3,305,708

3,305,708

0
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Supplementary Table 6 | Final de novo assembly statistics.
Contig

Scaffold

All sequences

≥200bp

All sequences

≥200bp

N95 (bp)

115

3,298

116

46,053

N90 (bp)

127

8,207

127

293,875

N75 (bp)

12,358

20,521

582,101

1,291,341

N50 (bp)

35,692

41,993

2,564,432

3,126,012

N25 (bp)

68,429

74,123

5,777,842

6,316,425

Longest (bp)

365,232

365,232

16,092,075

16,092,075

Total Sequences

3,497,228

304,545

3,305,708

139,611

Total bases (bp)
GC content (%)

3,159,659,671 2,780,718,445 3,201,980,496 2,826,695,639
42.41%

41.74%
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41.84%

41.11%

1.5 GC-content of whale shark genome
The GC distribution of the whale shark genome was calculated using a sliding window
approach. We employed 10 Kb sliding windows to scan the genome to calculate the GC
content. The average GC content of the whale shark is 41.6%, which is similar to the coelacanth
and elephant fish (Supplementary Figure 2).

Supplementary Figure 2 | Genome-wide GC distribution. The x-axis represents GC content
and the y-axis represents the proportion of the specified GC content. ‘GC’ in the legend
indicates whole genome GC content of each species.
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1.6 Annotation of repetitive elements
Tandem repeats were predicted using the Tandem Repeats Finder program (version 4.07)
(Benson, 1999). Transposable elements (TEs) were identified using both homology-based and
ab initio approaches. The Repbase database (version 19.02) (Jurka et al., 2005) and
RepeatMasker (version 4.0.5) (Bedell, Korf, & Gish, 2000) were used for the homology-based
approach, and RepeatModeler (version 1.0.7) (Abrusan, Grundmann, DeMester, &
Makalowski, 2009) was used for the ab initio approach,. All predicted repetitive elements were
merged using in-house perl scripts. In total, 49.55% of the whale shark genome is comprised
of TEs (Supplementary Table 7).
Supplementary Table 7 | Repetitive element statistics for the whale shark genome.
Ab initio-based

Homology-based

(bp)

(bp)

DNA

65,075,457

22,286,842

86,564,210

2.70%

LINE

781,235,803

260,999,963

861,138,326

26.89%

LTR

101,363,964

912,079

101,919,539

3.18%

415,435

0

415,435

0.01%

SINE

7,020,248

3,595,973

10,614,972

0.33%

Satellite

7,341,297

18,859

7,350,548

0.23%

Simple repeat

67,281,471

67,281,471

2.10%

249,559,685

7.79%

519,689,768

16.23%

6,777,305

0.21%

1,586,543,783

49.55%

Type

Low
complexity

Tandem repeat*
Unknown

519,673,351

Unspecified

6,777,305

Total

1,508,223,137

17,679

287,829,289

*Tandem Repeat was separately predicted using TRF program.
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Total (bp)

Percentage of
genome

1.7 Annotation of protein coding genes
Two candidate gene sets were built to predict the protein coding genes in the whale shark
genome; using AUGUSTUS (Stanke et al., 2006) and Evidence Modeler (EMV) (Haas et al.,
2008), respectively.
1) For the AUGUSTUS prediction, we used both homology-based and ab initio approach
es. For the homology-based gene prediction, homologous genes were identified by ali
gning the protein sequences from the elephant fish, zebrafish, medaka, human, mouse,
and minke whale (from NCBI) to the cartilage fish protein database (from Uniprot) usi
ng GeneBlastA (She, Chu, Wang, Pei, & Chen, 2009) with e-value cutoff 10-5. Homol
ogous genes with less than 40% coverage were filtered out. Homology-based gene mo
dels were constructed using Exonerate (Slater & Birney, 2005). With the Homolgy-ba
sed gene model and three hints: cartilage fishes’ EST sequences from NCBI, transcript
omic hint from elephant fish (SRP013772), and nurse shark (SRP018197), the ab initi
o prediction of the whale shark genome was performed using AUGUSTUS 3.1 with ‘-species=zebrafish’ option (Stanke et al., 2006). We filtered out genes which containe
d <30 amino acids. Gene symbols were assigned by best hit to the Swissprot or Tremb
l databases (Bairoch & Apweiler, 2000) using BLASTP (Camacho et al., 2009) with e
-value cutoff 10-5. A total of 25,409 out of 34,708 genes were assigned. Finally, we re
moved possible retro-transposable single exon genes. The resulting gene model contai
ned 28,483 protein coding genes (Supplementary Table 8).
2) For the EVM approach, we performed homology-based gene prediction with additiona
l species (Supplementary Table 9) and combined the prediction results with the ab init
io prediction results [AUGUTUS (Stanke et al., 2006), MAKER (Cantarel et al., 2008
)] using EVM (Haas et al., 2008) (the weights of intermediate gene models for EVM i
ntegration is noted in Supplementary Table 10). We predicted 25,915 protein coding g
enes using the EVM approach (Supplementary Table 11).
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Supplementary Table 8 | Statistics of the AUGUSTUS predicted gene set.
Categories

Number or length (bp)

Number of genes

28,483

Average transcript length

39,530.27

Average number of CDSs per gene

7.45

Average CDS length per gene

1,173.7

Average CDS length per exon

157.54

Supplementary Table 9 | List of species used in EVM homology-based gene prediction.
Common name

Scientific name

Number

of

Data Source

Assembly ID

Protein
Sequences
Human

Homo sapiens

20,129

Ensembl 86

GRCh38.p7

Mouse

Mus musculus

22,294

Ensembl 86

GRCm38.p4

Anole lizard

Anolis carolinensis

18,520

Ensembl 86

AnoCar2.0

Xenopus

Xenopus tropicalis

18,000

Ensembl 86

JGI 4.2

Coelacanth

Latimeria chalumnae

19,198

Ensembl 86

LatCha1

Guppy

Poecilia reticulata

17,907

NCBI Refseq

GCF_000633615.1

Turquoise killifish

Nothobranchius furzeri

21,100

NCBI Refseq

GCF_001465895.1

Medaka

Oryzias latipes

18,937

Ensembl 86

HdrR

Tilapia

Oreochromis niloticus

20,467

Ensembl 86

Orenil1.0

Northern pike

Esox lucius

21,396

NCBI Refseq

GCF_000721915.3

Zebrafish

Danio rerio

24,309

Ensembl 86

GRCz10

Spotted gar

Lepisosteus oculatus

17,874

Ensembl 86

LepOcu1

Channel catfish

Ictalurus punctatus

22,463

NCBI Refseq

GCF_001660625.1

Elephant fish

Callorhinchus milii

15,669

NCBI Refseq

GCF_000165045.1

Lamprey

Petromyzon marinus

10,048

Ensembl 86

Pmarinus_7.0
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Supplementary Table 10 | EVM weights for each gene model.
Approach

Program

EVM weight

Homology based

exonerate:AnoleLizard

3

Homology based

exonerate:ChannelCatfish

3

Homology based

exonerate:Coelacanth

3

Homology based

exonerate:ElephantFish

3

Homology based

exonerate:Guppy

3

Homology based

exonerate:Human

5

Homology based

exonerate:Lamprey

3

Homology based

exonerate:Medaka

3

Homology based

exonerate:Mouse

3

Homology based

exonerate:NorthernPike

3

Homology based

exonerate:SpottedGar

3

Homology based

exonerate:Tilapia

3

Homology based

exonerate:TurquoiseKillifish

3

Homology based

exonerate:Xenopus

3

Homology based

exonerate:Zebrafish

5

ab initio

maker

5

ab initio

Augustus

15

Supplementary Table 11 | Statistics of the EVM predicted gene set.
Categories

Number or length (bp)

Number of genes

25,915

Average transcript length

37,878.36

Average number of CDSs per gene

7.29

Average CDS length per gene

1,179.53

Average CDS length per exon

161.69
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1.8 Genome assembly quality assessment
Assembly quality was assessed by mapping the paired-end DNA reads and the synthetic long
read to the final scaffolds using BWA-MEM (Heng Li, 2013). The mapping rate was 99.85%
for the short reads (Supplementary Table 12) and 95.14% for TSLRs (Supplementary Table
13). The genome assembly and completeness of the gene annotation were also assessed using
the Benchmarking Universal Single-Copy Orthologs (BUSCO) approach (Simao, Waterhouse,
Ioannidis, Kriventseva, & Zdobnov, 2015). The two annotation methods (AUGUSTUS and
EVM) had 88.2% and 84.3% complete BUSCO sets, respectively; which are both higher than
the previously published draft genome assembly (Supplementary Table 14).
Supplementary Table 12 | Assembly quality assessment using self-mapping of short reads.
Number of

Number of

Percentage of

filtered reads

mapped reads

mapped reads

170bp

1,394,746,573

1,394,426,151

99.98%

500bp

940,285,287

940,078,838

99.98%

700bp

801,359,278

801,149,022

99.97%

2kb

236,768,852

235,357,729

99.40%

5kb

136,682,871

134,810,545

98.63%

10kb

94,350,139

93,601,841

99.21%

15kb

85,609,884

84,778,286

99.03%

Total

3,689,802,884

3,684,202,412

99.85%

Library
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Supplementary Table 13 | Assembly quality assessment using self-mapping of TSLRs.
Read length
(bp)

Number of reads

Number of ≥90% covered

Number of ≥50%

reads

covered reads

0-999

178,106

142,280

79.89%

161,219

90.52%

1,000-1,999

142,565

122,562

85.97%

135,653

95.15%

2,000-2,999

88,352

78,300

88.62%

85,482

96.75%

3,000-3,999

66,397

58,688

88.39%

64,159

96.63%

4,000-4,999

51,371

45,225

88.04%

49,726

96.80%

5,000-5,999

42,530

37,009

87.02%

41,120

96.68%

6,000-6,999

38,767

33,442

86.26%

37,472

96.66%

7,000-7,999

36,124

31,037

85.92%

34,900

96.61%

8,000-8,999

39,523

33,747

85.39%

38,211

96.68%

9,000-9,999

82,517

70,444

85.37%

79,902

96.83%

10,000-10,999

56,755

48,176

84.88%

54,852

96.65%

11,000-11,999

21,202

17,840

84.14%

20,481

96.60%

12,000-12,999

3,954

3,271

82.73%

3,818

96.56%

13,000-13,999

166

118

71.08%

157

94.58%

14,000-14,999

26

9

34.62%

25

96.15%

>15,000

70

6

8.57%

53

75.71%

Total

848,425

722,154

85.12%

807,230

95.14%
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Supplementary Table 14 | Assessment of the genome assembly and gene completeness
using the BUSCO approach, compared to the initial draft whale shark assembly.
Whale shark

Whale shark

Whale shark

(AUGUSTUS)

(EVM)

(GCA_001642345.2)

Complete (Gene)

2,279 (88.2%)

2,180 (84.3%)

1,934 (74.7%)

Duplicated (Gene)

51 (2.0%)

88 (3.4%)

84 (3.2%)

Fragmented (Gene)

136 (5.3%)

271 (10.5%)

283 (10.9%)

Missing (Gene)

171 (6.5%)

135 (5.2%)

369 (14.4%)

2,586

2,586

2,586

Number of
single-copy orthologous genes
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2. Comparative genomic studies
2.1 Data resources
Genome sequences and gene sets for 69 species were downloaded from Ensembl FTP
(ftp://ftp.ensembl.org/pub/release-86/). An additional 12 species were added from NCBI FTP
(ftp://ftp.ncbi.nlm.nih.gov/genomes/) (Supplementary Table 15).

Supplementary Table 15 | List of 82 species and their data sources.
Common name

Species name

Class

Gorilla

Gorilla gorilla

Mammalia

Chimpanzee

Pan troglodytes

Mammalia

Human

Homo sapiens

Mammalia

Orangutan

Pongo abelii

Mammalia

Gibbon

Nomascus leucogenys

Mammalia

Macaque

Macaca mulatta

Mammalia

Olive baboon

Papio anubis

Mammalia

Green monkey

Chlorocebus sabaeus

Mammalia

Marmoset

Callithrix jacchus

Mammalia

Tarsier

Tarsius syrichta

Mammalia

Mouse Lemur

Microcebus murinus

Mammalia

Galago

Otolemur garnettii

Mammalia

Mouse

Mus musculus

Mammalia
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Data
Source
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86

Assembly ID
gorGor3.1
CHIMP2.1.4
GRCh38.p7
PPYG2
Nleu1.0
Mmul_8.0.1
PapAnu2.0
ChlSab1.1
C_jacchus3.2.1
tarSyr1
Mmur_2.0
OtoGar3
GRCm38.p4

Ensembl

Rat

Rattus norvegicus

Mammalia

Kangaroo rat

Dipodomys ordii

Mammalia

Guinea pig

Cavia porcellus

Mammalia

Naked mole rat

Heterocephalus glaber

Mammalia

Squirrel

Ictidomys tridecemlineatus

Mammalia

Pika

Ochotona princeps

Mammalia

Rabbit

Oryctolagus cuniculus

Mammalia

Tree shrew

Tupaia belangeri

Mammalia

Killer whale

Orcinus orca

Mammalia

Dolphin

Tursiops truncatus

Mammalia

Sperm whale

Physeter catodon

Mammalia

NCBI

GCF_000472045.1

Mammalia

NCBI

GCF_000493695.1

Minke whale

Balaenoptera acutorostrata
scammoni

Cattle

Bos taurus

Mammalia

Sheep

Ovis aries

Mammalia

Pig

Sus scrofa

Mammalia

Alpaca

Vicugna pacos

Mammalia

Dog

Canis familiaris

Mammalia

Panda

Ailuropoda melanoleuca

Mammalia

Ferret

Mustela putorius furo

Mammalia

Cat

Felis catus

Mammalia

Hedgehog

Erinaceus europaeus

Mammalia
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86
Ensembl
86
Ensembl
86
NCBI
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
NCBI
Ensembl
86

Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86

Rnor_6.0
dipOrd1
cavPor3
HetGla_female_1.0
spetri2
OchPri2.0
OryCun2.0
tupBel1
GCF_000331955.2
turTru1

UMD3.1
Oar_v3.1
Sscrofa10.2
vicPac1
CanFam3.1
ailMel1
MusPutFur1.0
Felis_catus_6.2
eriEur1

Shrew

Sorex araneus

Mammalia

Microbat

Myotis lucifugus

Mammalia

Megabat

Pteropus vampyrus

Mammalia

Horse

Equus caballus

Mammalia

Echinops telfairi

Mammalia

Elephant

Loxodonta africana

Mammalia

Hyrax

Procavia capensis

Mammalia

Sloth

Choloepus hoffmanni

Mammalia

Armadillo

Dasypus novemcinctus

Mammalia

Tasmanian devil

Sarcophilus harrisii

Mammalia

Wallaby

Macropus eugenii

Mammalia

Opossum

Monodelphis domestica

Mammalia

Platypus

Ornithorhynchus anatinus

Mammalia

Chicken

Gallus gallus

Aves

Turkey

Meleagris gallopavo

Aves

Duck

Anas platyrhynchos

Aves

Zebra Finch

Taeniopygia guttata

Aves

Flycatcher

Ficedula albicollis

Aves

Pelodiscus sinensis

Reptilia

Anolis carolinensis

Reptilia

Lesser hedgehog
tenrec

Chinese softshell
turtle
Anole lizard
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Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl

sorAra1
Myoluc2.0
pteVam1
Equ Cab 2
TENREC
Loxafr3.0
proCap1
choHof1
Dasnov3.0
Devil_ref v7.0
Meug_1.0
monDom5
OANA5
Gallus_gallus-5.0
Turkey_2.01
BGI_duck_1.0
taeGut3.2.4
FicAlb_1.4
PelSin_1.0
AnoCar2.0

86
Ensembl

Xenopus

Xenopus tropicalis

Amphibia

Coelacanth

Latimeria chalumnae

Sarcopterygii

Guppy

Poecilia reticulata

Actinopterygii

Amazon molly

Poecilia formosa

Actinopterygii

Platyfish

Xiphophorus maculatus

Actinopterygii

Turquoise killifish

Nothobranchius furzeri

Actinopterygii

Medaka

Oryzias latipes

Actinopterygii

Tilapia

Oreochromis niloticus

Actinopterygii

Fugu

Takifugu rubripes

Actinopterygii

Tetraodon

Tetraodon nigroviridis

Actinopterygii

Stickleback

Gasterosteus aculeatus

Actinopterygii

Cod

Gadus morhua

Actinopterygii

Coho salmon

Oncorhynchus kisutch

Actinopterygii

NCBI

GCF_002021735.1

Atlantic salmon

Salmo salar

Actinopterygii

NCBI

GCF_000233375.1

Northern pike

Esox lucius

Actinopterygii

NCBI

GCF_000721915.3

Zebrafish

Danio rerio

Actinopterygii

Common carp

Cyprinus carpio

Actinopterygii

Cave fish

Astyanax mexicanus

Actinopterygii

Spotted gar

Lepisosteus oculatus

Actinopterygii

Channel catfish

Ictalurus punctatus

Actinopterygii

NCBI

GCF_001660625.1

Elephant fish

Callorhinchus milii

Chondrichthyes

NCBI

GCF_000165045.1

Whale shark

Rhincodon typus

Chondrichthyes

This study

This study

Lamprey

Petromyzon marinus

Hyperoartia

Vase tunicate

Ciona intestinalis

Ascidiacea
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86
Ensembl
86

JGI 4.2
LatCha1

NCBI

GCF_000633615.1

Ensembl

Poecilia_formosa-

86

5.1.2

Ensembl
86
NCBI
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86

Ensembl
86
NCBI
Ensembl
86
Ensembl
86

Ensembl
86
Ensembl

Xipmac4.4.2
GCF_001465895.1
HdrR
Orenil1.0
FUGU 4.0
TETRAODON 8.0
BROAD S1
gadMor1

GRCz10
GCF_000951615.1
AstMex102
LepOcu1

Pmarinus_7.0
KH

86
Pacific transparent

Ciona savignyi

Ascidiacea

Nematode

Caenorhabditis elegans

Chromadorea

Fruit fly

Drosophila melanogaster

Insecta

Yeast

Saccharomyces cerevisiae

Saccharomycetes

sea squirt
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Ensembl
86
Ensembl
86
Ensembl
86
Ensembl
86

CSAV 2.0
WBcel235
BDGP6
R64-1-1

2.2 Comparison of genomic factors
Due to the absence of transcriptome data for thirteen of the comparison species (cod, sloth,
hyrax, elephant, lesser hedgehog tenrec, megabat, shrew, hedgehog, dolphin, tree shrew, pika,
kangaroo rat, tarsier, whale shark), we focused our analyses on the genomic features between
the first and last coding exons. To verify whether the relative intron length between first and
last coding exon and the relative intron length between first and last exon were significantly
correlated, we compared these values in four model organisms (human, mouse, zebrafish and
fruit fly) using Spearman’s rank correlation coefficient (Supplementary Figure 3). The relative
intron length between first and last coding exon, which is calculated by dividing the total intron
length between first and last coding exon by the CDS length, is sufficiently correlated with the
relative intron length between first and last exon to use for genome wide comparisons
(Supplementary Figure 3).
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Supplementary Figure 3 | Correlations between relative intron length within CDS and
mRNA in four species. The relative intron length was calculated by dividing the total length
of introna by the sum of introns and exons in four model organisms (A-D). Spearman’s rank
correlation test values are shown on bottom-left of each plot and linear regression values are
shown on the bottom-right.
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Supplementary Figure 4 | Comparative genomic analysis across 82 species. Extended data
from Figure 1. The nine colors of boxes indicate biological classification (gray: Hyperoartia,
Ascidiacea, Chromadorea, Insecta and Saccharomycetes, cyan: whale shark, dark turquoise:
elephant fish, light blue: Actinopterygii, aquamarine: Sarcopterygii, dark green: Amphibia,
light green: Reptilia, dark yellow: Aves, orange: Mammalia).
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Supplementary Figure 5A | Comparison of GC content in the CDS by Wilcoxon rank sum
test among 82 species. Two sided Wilcoxon rank sum tests were computed with the GC
content among 82 species. All p-values were adjusted using the Benjamini-Hochberg
procedure and log-transformed. Deeping red indicates significant adjusted p-values. Gray color
box shows p-values higher than 0.01.
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Supplementary Figure 5B | Comparison of CAI by Wilcoxon rank sum test among 82
species. Two sided Wilcoxon rank sum tests were computed with the codon adaptation index
(CAI) among 82 species. All p-values were adjusted using the Benjamini-Hochberg procedure
and log-transformed. Deeping red indicates significant adjusted p-values. Gray color box
shows p-values higher than 0.01.
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Supplementary Figure 5C | Comparison of exon length by Wilcoxon rank sum test among
82 species. Two sided Wilcoxon rank sum tests were computed with the length of exons
between first and last coding exon among 82 species. All p-values were adjusted using the
Benjamini-Hochberg procedure and log-transformed. Deeping red indicates significant
adjusted p-values. Gray color box shows p-values higher than 0.01 or NA value (Yeast and
Fruit fly).
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Supplementary Figure 5D | Comparison of CDS length by Wilcoxon rank sum test among
82 species. Two sided Wilcoxon rank sum tests were computed with the CDS length among
82 species. All p-values were adjusted using the Benjamini-Hochberg procedure and logtransformed. Deeping red indicates significant adjusted p-values. Gray color box shows pvalues higher than 0.01.
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Supplementary Figure 5E | Comparison of relative introns length by Wilcoxon rank sum
test among 82 species. Two sided Wilcoxon rank sum tests were computed with the relative
intron length among 82 species. The relative intron length was calculated by dividing the total
intron length between first and last coding exon by the CDS length. All p-values were adjusted
using the Benjamini-Hochberg procedure and log-transformed. Deeping red indicates
significant adjusted p-values. Gray color box shows p-values higher than 0.01.
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Supplementary Figure 5F | Comparison of GC3 by Wilcoxon rank sum test among 82
species. Two sided Wilcoxon rank sum tests were computed with the GC content at the third
codon position (GC3) among 82 species. All p-values were adjusted using the BenjaminiHochberg procedure and log-transformed. Deeping red indicates significant adjusted p-values.
Gray color box shows p-values higher than 0.01.
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Supplementary Figure 5G | Comparison of exon number by Wilcoxon rank sum test
among 82 species. Two sided Wilcoxon rank sum tests were computed with the number of
coding exons among 82 species. All p-values were adjusted using the Benjamini-Hochberg
procedure and log-transformed. Deeping red indicates significant adjusted p-values. Gray color
box shows p-values higher than 0.01.
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Supplementary Figure 5H | Comparison of intron length by Wilcoxon rank sum test
among 82 species. Two sided Wilcoxon rank sum tests were computed with the total length
between first and last exon among 82 species. All p-values were adjusted using the BenjaminiHochberg procedure and log-transformed. Deeping red indicates significant adjusted p-values.
Gray color box shows p-values higher than 0.01.
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Supplementary Figure 5I | Comparison of sum length of exons and introns by Wilcoxon
rank sum test among 82 species. Two sided Wilcoxon rank sum tests were computed with
the sum length of exons and introns between first and last coding exon among 82 species. All
p-values were adjusted using the Benjamini-Hochberg procedure and log-transformed.
Deeping red indicates significant adjusted p-values. Gray color box shows p-values higher than
0.01.
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Supplementary Figure 5J | Comparison of controlled introns length by Wilcoxon rank
sum test among 82 species. Two sided Wilcoxon rank sum tests were computed with the total
intron length between first and last coding exon divided by genome size among 82 species. All
p-values were adjusted using the Benjamini-Hochberg procedure and log-transformed.
Deeping red indicates significant adjusted p-values. Gray color box shows p-values higher than
0.01.

259

Supplementary Figure 5K | Comparison of 5’ UTR length by Wilcoxon rank sum test
among 82 species. Two sided Wilcoxon rank sum tests were computed with the 5’ UTR length
among 82 species. All p-values were adjusted using the Benjamini-Hochberg procedure and
log-transformed. Deeping red indicates significant adjusted p-values. Gray color box shows pvalues higher than 0.01 or NA values (species which have no 5’ UTR information).
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Supplementary Figure 5L | Comparison of 3’ UTR length by Wilcoxon rank sum test
among 82 species. Two sided Wilcoxon rank sum tests were computed with the 3’ UTR length
among 82 species. All p-values were adjusted using the Benjamini-Hochberg procedure and
log-transformed. Deeping red indicates significant adjusted p-values. Gray color box shows pvalues higher than 0.01 or NA values (species which have no 3’ UTR information).
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Supplementary Figure 5M | Comparison of mRNA length by Wilcoxon rank sum test
among 82 species. Two sided Wilcoxon rank sum tests were computed with the mRNA length
among 82 species. All p-values were adjusted using the Benjamini-Hochberg procedure and
log-transformed. Deeping red indicates significant adjusted p-values. Gray color box shows pvalues higher than 0.01 or NA values (whale shark which have no mRNA information).
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Supplementary Figure 5N | Comparison of total intron length between first and last exon
by Wilcoxon rank sum test among 82 species. Two sided Wilcoxon rank sum tests were
computed with the total length of introns between first and last exon among 82 species. All pvalues were adjusted using the Benjamini-Hochberg procedure and log-transformed. Deeping
red indicates significant adjusted p-values. Gray color box shows p-values higher than 0.01 or
NA values (whale shark which have no mRNA information).

263

Supplementary Figure 5O | Comparison of sum length of exons and introns between first
and last exon by Wilcoxon rank sum test among 82 species. Two sided Wilcoxon rank sum
tests were computed with sum length of exons and introns between first and last exon among
82 species. All p-values were adjusted using the Benjamini-Hochberg procedure and logtransformed. Deeping red indicates significant adjusted p-values. Gray color box shows pvalues higher than 0.01 or NA values (whale shark which have no mRNA information).
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Supplementary Figure 6 | Comparison of genomic contexts in single-copy orthologous
genes. 25 species were randomly selected from each class of 82 species. All comparisons (AG) were performed using 275 single-copy gene families. The relative intron length (G) was
calculated by dividing the total intron length between first coding exon and last coding exon
by the CDS length. The nine colors indicate biological classifications (gray: Hyperoartia, cyan:
whale shark, dark turquoise: elephant fish, light blue: Actinopterygii, aquamarine:
Sarcopterygii, dark green: Amphibia, light green: Reptilia, dark yellow: Aves, orange:
Mammalia).
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Supplementary Figure 7 | Comparison of seven genomic contexts by Wilcoxon rank sum
test among 25 species. Two sided Wilcoxon rank sum tests were computed for each of the
seven genomic properties in Supplementary Figure 6 among 25 species. All p-values were
adjusted using the Benjamini-Hochberg procedure and log-transformed. Deeping red indicates
significant adjusted p-values. Gray color box shows p-values higher than 0.01.
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3. Maximum lifespan, body weight, basal metabolic rates association studies
with gene size
3.1 Maximum lifespan data and maximum adult weight
Maximum lifespan, maximum adult weight and basal metabolic rates were downloaded from
AnAge (http://genomics.senescence.info/species/), ADW (http://animaldiversity.org/), EOL
(http://eol.org/), and aqW (https://www.theaquariumwiki.com/). The weight record of ten
fishes were calculated by Froese, R., et al.’s methods, “length-weight relationship”
(Supplementary Table 16).
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Supplementary Table 16 | Maximum lifespan, weight, body temperature and basal metabolic rates of 82 species.
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Basal metabolic
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Mammalia

22.8

AnAge

Tarsius syrichta

Mammalia

16
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3.2 Basal metabolic rates calculation
We calculated basal metabolic rates (BMRs) of 82 species using Gillooly’s equation (Gillooly,
Allen, West, & Brown, 2005) with maximum adult weight and average body temperature (or
growth optimum temperature for cold-blooded animal) (Supplementary table 16). The
calculated BMRs were compared with published BMRs from the AnAge database
(http://genomics.senescence.info/) using the Spearman’s rank correlation coefficient
(Supplementary figure 8). The Calculated Gillooly’s BMRs were significantly correlated with
BMR download from the AnAge database.

Supplementary Figure 8 | Correlation between AnAge’s BMR and calculated BMR. We
downloaded the BMRs of 27 species from AnAge (http://genomics.senescence.info/,
Supplementary table 18) and also calculated BMRs using Gillooly’s equation (Gillooly et al.,
2005). (A) The correlation test with 27 species. (B) The correlation test without cattle, pig, and
human, which have extremely high BMR.
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Supplementary Figure 9 | Changes of BMR and mass-adjusted BMR by temperature.
Using the Gillooly’s equation (Gillooly et al., 2005), we calculated the BMR (A) and the massadjusted BMR (B) using arbitrary temperatures. Both the BMR and mass-adjusted BMR were
multiplied by 1014 and log-transformed.

277

Supplementary Figure 10 | Scaling relationships between genomic and physiologic
properties across 82 species. Extended data from Figure 2. The properties on both x-axis and
y-axis were used to calculate Spearman’s rank correlation coefficient for each plot. All p-values
and rho values are shown in top of each plot. The general species names are centered over their
dots. Overlapping species names in the same layer were not plotted. The nine colors of dots
indicate biological classification (gray: Hyperoartia, Ascidiacea, Chromadorea, Insecta and
Saccharomycetes, turquoise: Chondrichthyes (the bright color indicate whale shark), light blue:
Actinopterygii, aquamarine: Sarcopterygii, dark green: Amphibia, light green: Reptilia, dark
yellow: Aves, orange: Mammalia).
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3.3 Intron gain or loss
From the single-copy orthologous gene sets, CDS of each orthologous family were aligned
using MUSCLE (version 3.8.31) (Edgar, 2004). Exon-exon boundaries as intron positions were
marked on the CDS alignments. The intron positions within a permissible length (six bp),
which are considered as alternative splice sites, were aligned. The aligned intron position was
converted to a binary character matrix as an input table of the Malin program (Csuros, 2008),
which was used to calculate the “intron gain or loss” using Dollo parsimony (Supplementary
Figure 11).
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Supplementary Figure 11 | Intron gain or loss in the single-copy orthologous gene group.
The phylogenetic tree was derived from Figure 3c. The intron gains and losses were computed
by Dollo parsimony using Malin (Csuros, 2008). The numbers in the gray boxes indicate the
number of introns. Red and blue numbers indicate the number of gained and lost introns from
the most common ancestor, respectively.
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3.4 Prediction of repetitive elements within introns
To compare intronic repetitive elements in each species, we constructed consensus models of
putative interspersed repeats by RepeatModeler (version 1.0.10) (Abrusan et al., 2009). Using
RepeatMasker (version 4.0.5) (Bedell et al., 2000), we then predicted repeat elements in the
introns of 81 species (yeast is excluded from our 82 species set) with the ‘-no_is -cutoff 255 frag 20000’ options. The predicted repetitive elements containing domains that overlapped
with other repeats (higher-scoring match), which were denoted by asterisk in the RepeatMasker
result file, were filtered out.

Supplementary Figure 12 | Total length of repetitive elements in the introns of 81 species.
The total length was summed across ten repetitive elements: SINEs, LINEs, LTR elements,
DNA elements, unclassified elements, interspersed repeats, small RNA, satellites, simple
repeats, and low complexity region. Colors indicate the species class as in Figure 1.
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Supplementary Figure 13 | Total length of six repetitive elements in the introns of 81
species. The bold text left of the plots indicates the type of repeat element. Colors indicate the
species class as in Figure 1.
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Supplementary Figure 14 | Total length of five LINEs in the introns of 81 species. The
bold text left of the plots indicates the type of repeat elements. Colors indicate the species class
as in Figure 1.
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Supplementary Figure 15 | Distribution of LINEs in the whale shark genome. Using the
non-redundant predicted gene model, we analyzed the proportion of LINE elements across the
intronic, exonic, and intergenic regions. The bar plots show the percentage of five repetitive
elements in each of the three regions. The actual percentages are shown in middle of the bars.
The odd ratios are listed in the middle of the bars, and are the ratio of the proportion of repetitive
elements in intronic region to the proportion of the intronic region in the whale shark genome.
None of the odds is statistically significant by chi-square test.
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Supplementary Figure 16 | Functions of genes containing LINEs in their introns. Each bar
plots shows the proportion of genes which have repetitive elements (element types shown in
gray boxes) in the genome of each species (x-axis).
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3.5 Synonymous codon usage comparison
We measured relative synonymous codon usage (RSCU) using Sharp et. al.’s method (Sharp,
Tuohy, & Mosurski, 1986) in each of the 82 species. A principle component analysis (PCA)
on the RSCU was performed using the R packages (version 3.3.0) (Team, 2014) ggplot2
(Wickham, 2016) and ggfortify (Tang Y, 2016) (Supplementary Figure 15).
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Supplementary Figure 17A | Principle component analysis of relative synonymous codon
usage of 82 species. The common species name is shown in black text over a colored circle.
Each color shows the class of 82 species (gray: Hyperoartia, Ascidiacea, Chromadorea, Insecta
and Saccharomycetes, turquoise: Chondrichthyes (the bright color indicate whale shark), light
blue: Actinopterygii, aquamarine: Sarcopterygii, dark green: Amphibia, light green: Reptilia,
dark yellow: Aves, orange: Mammalia).
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Supplementary Figure 17B. Principle component analysis of relative synonymous codon
usage of 76 species. Six species were excluded from our 82 species comparison to investigate
the evolutionary history of codon usage from whale shark to human. Common species name is
shown in black text over a colored circle. Each color of circles shows the class of 76 species
(turquoise: Chondrichthyes (the bright color indicate whale shark), light blue: Actinopterygii,
aquamarine: Sarcopterygii, dark green: Amphibia, light green: Reptilia, dark yellow: Aves,
orange: Mammalia).

288

4. Evolutionary studies of whale shark
4.1 Phylogeny construction
We constructed a phylogenetic tree of 25 species including whale shark (Anolis carolinensis,
Balaenoptera acutorostrata scammoni, Bos taurus, Callorhinchus milii, Canis familiaris,
Danio rerio, Esox lucius, Gadus morhua, Gallus gallus, Heterocephalus glaber, Homo
sapiens, Latimeria chalumnae, Lepisosteus oculatus, Loxodonta africana, Mus musculus,
Myotis lucifugus, Nothobranchius furzeri, Orcinus orca, Oryzias latipes, Petromyzon marinus,
Physeter catodon, Rhincodon typus, Takifugu rubripes, Tursiops truncatus, Xenopus
tropicalis). We first extracted 275 single copy gene families of 25 species from the orthologous
gene family table of 82 species. We filtered out clusters with average GC3 below 0.45 to
prevent bias (Mooers and Holmes 2000), leaving 255 clusters. We performed multiple
sequence alignment (MSA) of each remaining single copy gene family using MUSCLE 3.8.31
(Edgar 2004) and concatenated the MSA results without gap regions. The phylogenetic tree
was constructed using RAxML 8.2 (Stamatakis 2014) with maximum likelihood (1000
bootstrapping), using the PROTCATLG amino acid substitution model (Figure 3D).
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4.2 Divergence time estimation
We estimated that the common ancestor of the whale shark and elephant fish diverged roughly
268 million year ago, (MYA) (Figure 3D). Divergence times were estimated using the
MCMCtree program in PAML package 4.8 (Yang, 2007) with the independent rates model
(clock=2) were used. The date of the node between O. orca-L. chalumnae was constrained to
401-425 MYA and O. latipes-R. typus was constrained to 450-497 MYA based on the
TimeTree database (Kumar, Stecher, Suleski, & Hedges, 2017).
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4.3 Whale shark evolutionary rate
We compared the molecular evolutionary rate of the whale shark and other 23 species with sea
lamprey as an outgroup. We found that the whale shark had the shortest distance to the outgroup
(sea lamprey) indicating slowest evolutionary rate (Supplementary Table 17). We also
performed a relative rate test using MEGA7 (Kumar et al., 2016), and found that the whale
shark protein coding genes are evolving more slowly than any 81 species (Supplementary Table
17). We also performed the Two-Cluster test with LINTRE (Takezaki, Rzhetsky, & Nei, 1995).
The distances between nodes in the phylogenetic tree (Figure 3D and Supplementary Figure
17) used as the pairwise distances for the Two-Cluster test. The distances from the sea lamprey
as an outgroup were calculated using the ‘ape’ R-package (Paradis, Claude, & Strimmer, 2004).
The two-cluster test also supported that the whale shark has a slower evolutionary rate than the
elephant fish (Supplementary Table 18).
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Supplementary Table 17 | Pairwise distance to the outgroup for 24 species.
The pairwise distances were calculated using the R-package ‘ape’(Paradis et al., 2004) with an
outgroup (sea lamprey).
Species

Distance to Petromyzon marinus

Rhincodon typus

0.61505568

Callorhinchus milii

0.62512995

Latimeria chalumnae

0.63722456

Lepisosteus oculatus

0.6546978

Gallus gallus

0.66767913

Anolis carolinensis

0.68388984

Loxodonta africana

0.68996989

Canis familiaris

0.69043867

Homo sapiens

0.69124695

Balaenoptera acutorostrata scammoni

0.69823335

Orcinus orca

0.69905548

Tursiops truncatus

0.70085231

Physeter catodon

0.70232111

Bos taurus

0.70553639

Myotis lucifugus

0.70839722

Heterocephalus glaber

0.71537803

Esox lucius

0.71747889

Xenopus tropicalis

0.71869153

Mus musculus

0.72308379

Danio rerio

0.72473367

Nothobranchius furzeri

0.77434503

Gadus morhua

0.77479036

Takifugu rubripes

0.77698009

Oryzias latipes

0.78572188
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Supplementary Table 18 | Results of relative rate test of whale shark versus other vertebrates.
The ‘Identical’ and ‘Divergent’ columns means the number of sites where the amino acid is same or different in all 3 groups, respectively.
Ingroup1

Ingroup2

Outgroup

Genes

Identical

Divergent

Ingroup1 Specific

Ingroup2 Specific

Outgroup Specific

CHI^2

P-value

Anolis carolinesis

Rhincodon typus

Petromyzon marinus

255

38,421

6,307

3,864

3,473

10,043

20.84

5.00E-06

Balaenoptera acutorostrata

Rhincodon typus

Petromyzon marinus

255

38,315

6,267

3,962

3,662

9,888

11.8

5.91E-04

Bos taurus

Rhincodon typus

Petromyzon marinus

255

38,305

6,315

3,978

3,658

9,850

13.41

2.50E-04

Callorhinchus milii

Rhincodon typus

Petromyzon marinus

255

39,726

4,660

2,559

2,321

12,842

11.61

6.57E-04

Canis familiaris

Rhincodon typus

Petromyzon marinus

255

38,329

6,269

3,956

3,617

9,937

15.18

9.80E-05

Danio rerio

Rhincodon typus

Petromyzon marinus

255

38,056

6,865

4,229

3,775

9,183

25.75

3.88E-07

Esox lucius

Rhincodon typus

Petromyzon marinus

255

38,148

6,734

4,137

3,738

9,350

20.22

6.12E-06

Gadus morhua

Rhincodon typus

Petromyzon marinus

255

37,587

7,026

4,661

3,951

8,805

58.53

2.00E-14

Gallus gallus

Rhincodon typus

Petromyzon marinus

255

38,606

6,149

3,679

3,510

10,164

3.97

4.62E-02

Heterocephalus glaber

Rhincodon typus

Petromyzon marinus

255

38,167

6,394

4,118

3,658

9,771

27.21

1.82E-07

Homo sapiens

Rhincodon typus

Petromyzon marinus

255

38,354

6,292

3,931

3,612

9,919

13.49

2.40E-04

Latimeria chalumnae

Rhincodon typus

Petromyzon marinus

255

38,522

5,824

3,763

3,305

10,694

29.68

5.10E-08

Lepisosteus oculatus

Rhincodon typus

Petromyzon marinus

255

38,550

6,122

3,734

3,591

10,109

2.79

9.48E-02

Loxodonta africana

Rhincodon typus

Petromyzon marinus

255

38,214

6,311

4,070

3,623

9,889

25.97

3.46E-07

Mus Musculus

Rhincodon typus

Petromyzon marinus

255

38,268

6,371

4,017

3,672

9,780

15.48

8.34E-05

Myotis lucifugus

Rhincodon typus

Petromyzon marinus

255

38,192

6,352

4,092

3,645

9,826

25.83

3.74E-07

Nothobranchius furzeri

Rhincodon typus

Petromyzon marinus

255

37,790

6,935

4,494

3,749

9,139

67.33

2.29E-16

Orcinus orca

Rhincodon typus

Petromyzon marinus

255

38,353

6,269

3,932

3,654

9,900

10.19

1.41E-03

Oryzias latipes

Rhincodon typus

Petromyzon marinus

255

37,568

6,979

4,707

3,773

9,070

102.87

3.58E-24

Physeter catodon

Rhincodon typus

Petromyzon marinus

255

38,154

6,348

4,131

3,654

9,821

29.23

6.44E-08

Takifugu rubripes

Rhincodon typus

Petromyzon marinus

255

37,685

7,043

4,600

3,808

8,972

74.6

5.76E-18

Tursiops truncatus

Rhincodon typus

Petromyzon marinus

255

38,094

6,215

3,971

3,615

9,815

16.71

4.36E-05

Xenopus tropicalis

Rhincodon typus

Petromyzon marinus

255

37,519

6,735

4,765

3,523

9,564

186.12

2.23E-42
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Supplementary Figure 18 | The phylogenetic tree used in the two cluster test. Each number indicate the nodes, the left, and the right in
Supplementary Table 19.
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Supplementary Table 19 | The results of two cluster test of whale shark versus other vertebrates.
Node

Left

Right

delta

s.e.

Z

CP

height

s.e.

bA

bB

bC

27

2

<

1

0.066988

0.001331

50.327722

99.96%

0.104797

0.001132

0.071303

0.138291

0.128126

42

14

<

15

0.007774

0.000899

8.645688

99.96%

0.041636

0.000634

0.037749

0.045523

0.1763

35

4

>

5

0.113236

0.00173

65.466742

99.96%

0.148789

0.001454

0.205407

0.092171

0.106489

34

35

<

6

0.047336

0.001573

30.091571

99.96%

0.161306

0.001385

0.137638

0.184974

0.11458

41

10

<

9

0.037975

0.0013

29.221827

99.96%

0.100237

0.001098

0.08125

0.119225

0.13499

40

41

>

11

0.029928

0.000826

36.233157

99.96%

0.063647

0.000669

0.078611

0.048683

0.161523

39

40

<

8

0.090038

0.0016

56.27053

99.96%

0.171928

0.001515

0.126909

0.216947

0.097834

38

39

<

7

0.049123

0.001291

38.043271

99.96%

0.140867

0.001195

0.116305

0.165428

0.129223

37

38

<

12

0.040654

0.001526

26.636184

99.96%

0.142865

0.001167

0.122538

0.163191

0.131217

36

37

<

13

0.025798

0.001283

20.105648

99.96%

0.129603

0.001044

0.116704

0.142502

0.1439

33

36

<

34

0.005831

0.000777

7.501552

99.96%

0.131407

0.000932

0.128492

0.134322

0.136093

32

33

>

3

0.077327

0.000853

90.663726

99.96%

0.112226

0.000887

0.150889

0.073562

0.118436

31

32

>

42

0.048181

0.000708

68.032487

99.96%

0.106587

0.000812

0.130678

0.082497

0.139804

30

31

>

16

0.03557

0.000815

43.664202

99.96%

0.096445

0.000766

0.11423

0.07866

0.15522

29

30

<

17

0.04978

0.001324

37.594456

99.96%

0.147465

0.001199

0.122575

0.172355

0.141532

48

24

<

23

0.112731

0.001606

70.206746

99.96%

0.169157

0.001603

0.112792

0.225523

0.081835

47

48

<

22

0.054553

0.001641

33.250362

99.96%

0.156946

0.001331

0.129669

0.184222

0.118464

46

47

>

21

0.065644

0.000942

69.650583

99.96%

0.110532

0.000931

0.143354

0.07771

0.125119

45

46

<

20

0.255255

0.003121

81.792064

99.96%

0.246672

0.001959

0.119045

0.3743

0.120952

44

45

<

19

0.014926

0.001527

9.775209

99.96%

0.169814

0.001295

0.162351

0.177277

0.126141

43

44

>

18

0.11091

0.000979

113.273282

99.96%

0.123299

0.000928

0.178754

0.067844

0.11469

28

43

>

29

0.038478

0.000685

56.169011

99.96%

0.137945

0.000922

0.157184

0.118706

0.128968

26

28

>

27

0.043569

0.001146

38.020739

99.96%

0.115526

0.00083

0.13731

0.093741

0.180338

Q=17759.984030

295

Supplementary Figure 19 | Supplementary figure linked to Figure 3C. When
accounting for the age and length of evolutionary eras, the number of genes in every era
increases steadily as the genes are more recent, suggesting gene turnover is highest in
recent ages.
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Supplementary Figure 20 | The number of genes in every phylostratum from most
ancient to youngest shows that most whale shark genes are ancient (7379 in PS 1 and
3293 in Eukaryota). The large number of genes that appear species-specific (8098) likely
reflects the absence of sequenced genomes since the emergence of Chondrichthyes.
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4.4 Gene family expansion and contraction analyses
Gene family expansion/contraction analyses were performed by using CAFÉ software
(Han, Thomas, Lugo-Martinez, & Hahn, 2013) (v3.1) with phylogenetic tree and p-value
cut-off <0.05 demonstrating significantly changed the number of genes in the family
(Figure Cc). 32 gene families were expanded and 233 gene families were contracted in the
whale shark genome. We performed gene ontology (GO) enrichment test using ClueGO
(Bindea et al., 2009). Expanded gene families were enriched in pattern specification
involved in kidney development (GO:0061004) and nephron tubule formation
(GO:0072079). Contracted gene families were enriched in nucleosome assembly
(GO:0006334) and chromatin assembly (GO:0031497). We also found that smaller number
of histone 1 (H1), histone 2A (H2A) and histone 2Bs (H2Bs) in the whale shark than in
other bony fishes and mammals (Supplementary Figure 19).
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Supplementary Figure 21 | Contracted Histone gene families in whale shark. The
OG000022 cluster contains the H1 and H2B classes. The OG000023 cluster contains the
H2A class. Y-axis indicates the number of histone genes in the cluster for each species.
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4.5 Neural genes
We downloaded and corrected the neuronal genes with ten categories from GO and public
databases as below.
1) Neuronal connectivity genes:
-

GO:0071526

(BP)

semaphorin-plexin signaling pathway (25 genes)

-

GO:0030215

(MF) semaphorin receptor binding (10 genes)

-

GO:0017154

(MF) semaphorin receptor activity (11 genes)

-

GO:0002116

(CC)

semaphorin receptor complex (7 genes)

-

GO:0038189

(BP)

neuropilin signaling pathway (4 genes)

-

GO:0038191

(MF) neuropilin binding (12 genes)

-

GO:0048013

(BP)

-

GO:0005003

(MF) ephrin receptor activity (19 genes)

-

GO:0046875

(MF) ephrin receptor binding (28 genes)

-

GO:0038007

(BP)

-

GO:0005042

(MF) netrin receptor activity (2 genes)

-

GO:0035385

(BP)

-

GO:0048495

(MF) Roundabout binding (5 genes)

-

GO:0007219

(BP)

-

GO:0005112

(MF) Notch binding (21 genes)

ephrin receptor signaling pathway (87 genes)

netrin-activated signaling pathway (5 genes)
Roundabout signaling pathway (7 genes)
Notch signaling pathway (169 genes)

2) Cell adhesion:
-

MCAM (http://app1.unmc.edu/mcam/index.cfm) (181 genes)

-

GO:0007158

(BP)

-

GO:0071253

(MF) connexin binding (6 genes)

-

GO:0005922

(CC)

connexin complex (20 genes)

-

GO:1905071

(BP)

occluding junction disassembly (3 genes)

-

GO:0070160

(CC)

occluding junction

-

GO:0044331

(BP)

cell-cell adhesion mediated by cadherin (15 genes)

-

GO:0045296

(MF) cadherin binding (304 genes)

neuron cell-cell adhesion (15 genes)
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-

GO:1904886

(BP)

beta-catenin destruction complex disassembly (22

genes)
-

GO:1904885

(BP)

beta-catenin destruction complex assembly (5 genes)

-

GO:1904837

(BP)

beta-catenin-TCF complex assembly (44 genes)

-

GO:0008013

(MF) beta-catenin binding (81 genes)

-

GO:1904713

(MF) beta-catenin destruction complex binding (2 genes)

-

GO:1990907

(CC)

beta-catenin-TCF complex (5 genes)

-

GO:0030877

(CC)

beta-catenin destruction complex (11 genes)

3) Olfactory receptors:
-

HORDE (https://genome.weizmann.ac.il/horde/) (834 genes)

-

GO:0004984

(MF) olfactory receptor activity (426 genes)

-

GO:0031849

(MF) olfactory receptor binding (6 genes)

4) Ion channel:
-

GO:0045161

(BP)

neuronal ion channel clustering (12 genes)

-

GO:0072578

(BP)

neurotransmitter-gated ion channel clustering (8

genes)
-

GO:0005216

(MF) ion channel activity (425 genes)

-

GO:0099106

(MF) ion channel regulator activity (93 genes)

-

GO:0034702

(CC)

ion channel complex (288 genes)

5) Unfolded protein response associated genes:
-

GO:0030968

(BP)

endoplasmic reticulum unfolded protein response

(130 genes)
6) Neuronal activity and memory:
-

NADtranscriptomics (http://nadtranscriptomics.in.umh-csic.es/) (pvalue <=
0.01)
ü BDNF-regulated genes

BDNF.txt
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ü Forskolin-regulated genes forskolin.txt
ü Bicuculline-regulated genes

-

bicuculline.txt

ü CREB-regulated genes

CREB_regulon.txt

ü SRF-regulated genes

SRF_regulon.txt

ü EGR1-regulated genes

EGR1_regulon.txt

ü FOS-regulated genes

FOS_regulon.txt

GO:0007611

(BP)

learning or memory (234 genes)

7) Neuropeptides:
-

Neuropeptide database
(http://www.neuropeptides.nl/tabel%20neuropeptides%20linked.htm) (96 genes)

-

Two genes, CCAP and AstA (Allatostatin)

8) Homeobox genes:
-

HGNC database (https://www.genenames.org/) (319 genes)

9) Synaptic genes:
-

SynpatomeDB

(http://metamoodics.org/SynaptomeDB/index.php)

genes)
10) Neurodegeneration:
-

KEGG Human diseases (http://www.genome.jp/)
ü Neurodegenerative diseases (236 genes)
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(1886

Supplementary Figure 22 | Supplementary figure linked to Figure 4 – All other scatter
10 plots. Neuronal connectivity genes are longer in 81 species except yeast. The x-axis and
y-axis shows the average gene length (CDS-exon + CDS-intron) and the gene length of
neuronal connectivity related genes
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Supplementary Figure 23 | Relative median gene size of each neural subsets to median
of gene size of genome. Y axis shows log transformed relative median value. The relative
median values were calculated by dividing median of gene length (exon + intron) in each
neuronal subset by median of gene length in genome. Red (or blue) bars indicate
significantly higher (or lower) median gene length in the neuronal subset compared to the
median genome-wide gene length by Wilcoxon-rank sum test.
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4.6 Gene set enrichment analysis with gene size
Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) was used to calculate
statistically significant differences between short genes and long gene in 82 species using
the clusterProfiler package (Yu, Wang, Han, & He, 2012) with Gene Ontology. All genes
were assigned to human gene symbols in order to use human-GO. Finally, we obtained the
results of 77 species (Figure 4C and Additional File 3).
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Supplementary Figure 24 | Portion of the sequence alignment of the NUP155 cluster
of single copy orthologous genes. Intron position and length are shown in the square
brackets. Dashed line and underscore indicates gaps and space, respectively.
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Supplementary Table 20 | GO enrichment of correlated single-copy orthologous gene
families between gene length and the maximum lifespan, body weight, and BMR
simultaneously.
GOID
GO:000640
5
GO:000661
1

GOTerm

RNA export from nucleus

maintenance

9

3.E-05

8.E-04

[ABCE1,

CSE1L,

ENY2,

NUP155,

RAE1,

SARNP,

via

[MAPKAPK5,

NAT10,

estrogen metabolic process

3

2.E-03

3.E-02

[CYP19A1, SGPL1, STAR]

3

1.E-03

2.E-02

[AADAT, KMO, STAR]

5

3.E-03

5.E-02

process

compound

acid

metabolic

nuclear export

9

6.E-05

2.E-03

XRCC5]
[CYP19A1,

HSD17B3,

SGPL1]

[AADAT,

DLD,

KMO,

NMNAT2, STAR]
[ABCE1,

CSE1L,

ENY2,

NUP155,

RAE1,

SARNP,

SDAD1, STYX, XPO5]
regulation

of

ubiquitin-protein

ligase activity involved in mitotic

3

2.E-02

5.E-02

[ANAPC5, PSMA1, PSMD14]

3

1.E-03

3.E-02

3

5.E-05

1.E-03

[CYP19A1, HSD17B3, STAR]

4

1.E-03

3.E-02

[AGK, PEX3, PEX7, SRP54]

6

9.E-04

2.E-02

6

8.E-04

2.E-02

4

2.E-03

4.E-02

cell cycle

GO:006063

regulation of microtubule-based

2

movement
testosterone biosynthetic process

GO:006500

intracellular

2

transmembrane transport

GO:007116

ribonucleoprotein

6

localization

GO:007142

ribonucleoprotein complex export

6

from nucleus

6

SDAD1,

4.E-02

dicarboxylic

GO:007180

SARNP,

2.E-03

8

0

RAE1,

3

GO:004364

GO:006137

6.E-03

NUP155,

androgen metabolic process

metabolic process

9

2.E-04

ENY2,

2.E-02

7

GO:005143

Associated Genes Found

2.E-02

benzene-containing

8

p-value

3

GO:004253

GO:005116

value

SDAD1, STYX, XPO5]
telomerase

0

7

protein export from nucleus
telomere

GO:000821

Adjusted

XPO5]

4
9

p-

[ABCE1,

GO:000700
GO:000820

# Genes

protein
complex

protein transmembrane transport

307

[CFAP20,

CNIH4,

TCTEX1D2]

[ABCE1,

ENY2,

NUP155,

RAE1, SARNP, SDAD1]
[ABCE1,

ENY2,

NUP155,

RAE1, SARNP, SDAD1]
[AGK, PEX3, PEX7, SRP54]

Functional enrichment tests were performed using ClueGO with options as below (Bindea
et al., 2009)
Options: ‘Min GO Level = 3, Max GO Level = 8, Number of Genes = 3, Min Percentage = 4.0,
GO Fusion = false, GO Group = true, Kappa Score Threshold = 0.4, Over View Term =
SmallestPValue, Group By Kappa Statistics = true, Initial Group Size = 1, Sharing Group
Percentage = 50.0’
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Supplementary Table 21 | Representative human gene list in the single-copy
orthologous gene families having correlated gene length with the maximum lifespan,
the body weight, and the BMR simultaneously.
SYMBOL

ENTREZID

GENENAME

RPL31

6160

ribosomal protein L31

CYP19A1

1588

cytochrome P450 family 19 subfamily A member 1

PRPF38A

84950

pre-mRNA processing factor 38A

MPC2

25874

mitochondrial pyruvate carrier 2

NUDT21

11051

nudix hydrolase 21

TMEM67

91147

transmembrane protein 67

SAP18

10284

Sin3A associated protein 18

ABCE1

6059

ATP binding cassette subfamily E member 1

MED27

9442

mediator complex subunit 27

UBR4

23352

ubiquitin protein ligase E3 component n-recognin 4

DNAJC8

22826

DnaJ heat shock protein family (Hsp40) member C8

FCF1

51077

FCF1, rRNA-processing protein

IDE

3416

insulin degrading enzyme

DPH3

285381

diphthamide biosynthesis 3

ATP5O

539

ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit

PCGF5

84333

polycomb group ring finger 5

PSMA1

5682

proteasome subunit alpha 1

XPO5

57510

exportin 5

DLD

1738

dihydrolipoamide dehydrogenase

SRP54

6729

signal recognition particle 54

WASHC5

9897

WASH complex subunit 5

TBCD

6904

tubulin folding cofactor D

SARNP

84324

SAP domain containing ribonucleoprotein

UFD1

7353

ubiquitin recognition factor in ER associated degradation 1

NUP155

9631

nucleoporin 155

ERGIC2

51290

ERGIC and golgi 2

GALC

2581

galactosylceramidase

NAA35

60560

N(alpha)-acetyltransferase 35, NatC auxiliary subunit

CCNC

892

cyclin C

KMO

8564

kynurenine 3-monooxygenase

SNX4

8723

sorting nexin 4

ITGB1BP1

9270

integrin subunit beta 1 binding protein 1

DHDDS

79947

dehydrodolichyl diphosphate synthase subunit

SCGN

10590

secretagogin, EF-hand calcium binding protein

TRAIP

10293

TRAF interacting protein

MINDY3

80013

MINDY lysine 48 deubiquitinase 3

SCFD1

23256

sec1 family domain containing 1

CDK7

1022

cyclin dependent kinase 7

VAMP4

8674

vesicle associated membrane protein 4

DENR

8562

density regulated re-initiation and release factor

CFAP20

29105

cilia and flagella associated protein 20
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LARS2

23395

leucyl-tRNA synthetase 2, mitochondrial

ENY2

56943

ENY2, transcription and export complex 2 subunit

EIF2B1

1967

eukaryotic translation initiation factor 2B subunit alpha

MRPS14

63931

mitochondrial ribosomal protein S14

C6orf62

81688

chromosome 6 open reading frame 62

C11orf54

28970

chromosome 11 open reading frame 54

EFTUD2

9343

elongation factor Tu GTP binding domain containing 2

RTCB

51493

RNA 2',3'-cyclic phosphate and 5'-OH ligase

IFT81

28981

intraflagellar transport 81

MAPKAPK5

8550

mitogen-activated protein kinase-activated protein kinase 5

CNEP1R1

255919

CTD nuclear envelope phosphatase 1 regulatory subunit 1

COTL1

23406

coactosin like F-actin binding protein 1

MRPL13

28998

mitochondrial ribosomal protein L13

CSE1L

1434

chromosome segregation 1 like

SGPL1

8879

sphingosine-1-phosphate lyase 1

LIN52

91750

lin-52 DREAM MuvB core complex component

VPS53

55275

VPS53, GARP complex subunit

TMEM243

79161

transmembrane protein 243

PSMD14

10213

proteasome 26S subunit, non-ATPase 14

C11orf49

79096

chromosome 11 open reading frame 49

CNIH4

29097

cornichon family AMPA receptor auxiliary protein 4

WASHC3

51019

WASH complex subunit 3

STAR

6770

steroidogenic acute regulatory protein

SLC10A7

84068

solute carrier family 10 member 7

MAP2K5

5607

mitogen-activated protein kinase kinase 5

AVL9

23080

AVL9 cell migration associated

AGK

55750

acylglycerol kinase

RAE1

8480

ribonucleic acid export 1

TTC37

9652

tetratricopeptide repeat domain 37

C10orf76

79591

chromosome 10 open reading frame 76

GPCPD1

56261

glycerophosphocholine phosphodiesterase 1

SDAD1

55153

SDA1 domain containing 1

POLR3F

10621

RNA polymerase III subunit F

PRPF18

8559

pre-mRNA processing factor 18

TBC1D19

55296

TBC1 domain family member 19

PPP4R4

57718

protein phosphatase 4 regulatory subunit 4

RWDD4

201965

RWD domain containing 4

AADAT

51166

aminoadipate aminotransferase

EIF3K

27335

eukaryotic translation initiation factor 3 subunit K

POLE2

5427

DNA polymerase epsilon 2, accessory subunit

GATM

2628

glycine amidinotransferase

COG6

57511

component of oligomeric golgi complex 6

NUDT5

11164

nudix hydrolase 5

FAF1

11124

Fas associated factor 1

TMEM38A

79041

transmembrane protein 38A

USP37

57695

ubiquitin specific peptidase 37
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ACER3

55331

alkaline ceramidase 3

TTC38

55020

tetratricopeptide repeat domain 38

ATP6AP2

10159

ATPase H+ transporting accessory protein 2

NMNAT2

23057

nicotinamide nucleotide adenylyltransferase 2

GTF2H3

2967

general transcription factor IIH subunit 3

EED

8726

embryonic ectoderm development

COG2

22796

component of oligomeric golgi complex 2

BDH2

56898

3-hydroxybutyrate dehydrogenase 2

UTP20

27340

UTP20, small subunit processome component

MBIP

51562

MAP3K12 binding inhibitory protein 1

NPL

80896

N-acetylneuraminate pyruvate lyase

NAT10

55226

N-acetyltransferase 10

PEX7

5191

peroxisomal biogenesis factor 7

PEX3

8504

peroxisomal biogenesis factor 3

PNPT1

87178

polyribonucleotide nucleotidyltransferase 1

UBR2

23304

ubiquitin protein ligase E3 component n-recognin 2

ANAPC5

51433

anaphase promoting complex subunit 5

JKAMP

51528

JNK1/MAPK8 associated membrane protein

SUPT4H1

6827

SPT4 homolog, DSIF elongation factor subunit

RARS2

57038

arginyl-tRNA synthetase 2, mitochondrial

TMEM144

55314

transmembrane protein 144

DYNC2LI1

51626

dynein cytoplasmic 2 light intermediate chain 1

ITIH2

3698

inter-alpha-trypsin inhibitor heavy chain 2

CCDC93

54520

coiled-coil domain containing 93

RNASEH2B

79621

ribonuclease H2 subunit B

FANCI

55215

Fanconi anemia complementation group I

ADGRD1

283383

adhesion G protein-coupled receptor D1

KRIT1

889

KRIT1, ankyrin repeat containing

SLC37A3

84255

solute carrier family 37 member 3

C1orf112

55732

chromosome 1 open reading frame 112

MRPS10

55173

mitochondrial ribosomal protein S10

SCARB2

950

scavenger receptor class B member 2

UBA6

55236

ubiquitin like modifier activating enzyme 6

APPBP2

10513

amyloid beta precursor protein binding protein 2

SLC35A1

10559

solute carrier family 35 member A1

ITGA9

3680

integrin subunit alpha 9

POLB

5423

DNA polymerase beta

RTTN

25914

rotatin

MTTP

4547

microsomal triglyceride transfer protein

NAAA

27163

N-acylethanolamine acid amidase

STYX

6815

serine/threonine/tyrosine interacting protein

DNTTIP1

116092

deoxynucleotidyltransferase terminal interacting protein 1

POLA2

23649

DNA polymerase alpha 2, accessory subunit

VPS41

27072

VPS41, HOPS complex subunit

NSUN6

221078

NOP2/Sun RNA methyltransferase family member 6

CWF19L1

55280

CWF19 like 1, cell cycle control (S. pombe)
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MIGA2

84895

mitoguardin 2

RFX4

5992

regulatory factor X4

ACAD11

84129

acyl-CoA dehydrogenase family member 11

XRCC5

7520

X-ray repair cross complementing 5

CFAP69

79846

cilia and flagella associated protein 69

AAGAB

79719

alpha and gamma adaptin binding protein

HSD17B3

3293

hydroxysteroid 17-beta dehydrogenase 3

RMC1

29919

regulator of MON1-CCZ1

PPP1R21

129285

protein phosphatase 1 regulatory subunit 21

GDA

9615

guanine deaminase

NCAPG2

54892

non-SMC condensin II complex subunit G2

PQLC3

130814

PQ loop repeat containing 3

NARS2

79731

asparaginyl-tRNA synthetase 2, mitochondrial

CENPW

387103

centromere protein W

C17orf67

339210

chromosome 17 open reading frame 67

TCTEX1D2

255758

Tctex1 domain containing 2

FAAH2

158584

fatty acid amide hydrolase 2

ODR4

54953

odr-4 GPCR localization factor homolog

TXNDC16

57544

thioredoxin domain containing 16

SMIM7

79086

small integral membrane protein 7

MTCP1

4515

mature T-cell proliferation 1

TRPM8

79054

transient receptor potential cation channel subfamily M member 8
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Supplementary Table 22 | Representative human gene list of single-copy orthologous
gene families with correlations between gene length and only maximum lifespan, only
the body mass, or only the BMR, respectively.
GROUP
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan

SYMBOL

ENTREZID

GENENAME

PARG

8505

poly(ADP-ribose) glycohydrolase

HECTD4

283450

HECT domain E3 ubiquitin protein ligase 4

TM9SF2

9375

transmembrane 9 superfamily member 2

PI4KA

5297

phosphatidylinositol 4-kinase alpha

UBL3

5412

ubiquitin like 3

NUP210

23225

nucleoporin 210

SFXN5

94097

sideroflexin 5

IARS

3376

isoleucyl-tRNA synthetase

FRG1

2483

FSHD region gene 1

POLR2H

5437

RNA polymerase II subunit H

TTC26

79989

tetratricopeptide repeat domain 26

ZBTB8OS

339487

zinc finger and BTB domain containing 8 opposite strand

SRP19

6728

signal recognition particle 19

GINS4

84296

GINS complex subunit 4

ELP1

8518

elongator complex protein 1

FRA10AC1

118924

FRA10A associated CGG repeat 1

LRPPRC

10128

leucine rich pentatricopeptide repeat containing

VWF

7450

von Willebrand factor

LAMTOR3

8649

late endosomal/lysosomal adaptor, MAPK and MTOR activator 3

CRIPT

9419

CXXC repeat containing interactor of PDZ3 domain
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Maximum

VPS33B interacting protein, apical-basolateral polarity regulator, spe-39

VIPAS39

63894

RPN2

6185

ribophorin II

LIN37

55957

lin-37 DREAM MuvB core complex component

AP4M1

9179

adaptor related protein complex 4 mu 1 subunit

GPLD1

2822

glycosylphosphatidylinositol specific phospholipase D1

BMR

SNX14

57231

sorting nexin 14

BMR

TADA2A

6871

transcriptional adaptor 2A

BMR

TXNL4B

54957

thioredoxin like 4B

BMR

CCDC134

79879

coiled-coil domain containing 134

BMR

HMCN1

83872

hemicentin 1

BMR

BORCS7

119032

BLOC-1 related complex subunit 7

Body weight

COX5B

1329

cytochrome c oxidase subunit 5B

lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan
Maximum
lifespan

homolog
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APPENDIX E: Chapter 6 – Supplementary Information
KoVariome: Korean National Standard Reference Variome database of
whole genomes with comprehensive SNV, indel, CNV, and SV analyses

SUPPLEMENTARY FIGURES

Figure S1. Distribution of SNP and short indels in 50 Korean individuals. A. Number
of variants present in the Korean individuals. See Table S2 for KoVariome statistics. B.
Number of variants according to the variome length.
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Figure S2. MDS analysis among Korean, Chinese, and Japanese individuals. Genotype
data for 84 Chinese and 86 Japanese individuals were merged with KoVariome. Five
dimensional components were calculated to identify population stratification between
these three ethnic groups.

Figure S3. Accuracy by indel loci. 1,343 (91.11%) of KoVariome indels showed perfect
genotype concordance with AxiomTM Genome-ASI 1 Array data and 1,446 (98.10%) indels
had an accuracy higher than 90%.
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Figure S4. The frequency of KoVariome according to genomic coordinates. The
classification of variants observed in 1000GP was also categorized with minor allele
frequencies (MAF); ‘1000GP common’ (MAF >= 5% in all continental regions), ‘1000GP
low frequency’ (MAF >= 0.1% at any continentals), and ‘1000GP rare’ (MAF <0.01% in
all continental regions). SNVs not observed in 1000GP were classified as KPGP specific.
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Figure S5. Comparison of structural variation (SV) statistics. Abbreviation: interchromosomal translocations (CTX), inversions (INV), deletions (DEL), intrachromosomal translocation (ITX), insertions (INS), duplications (DUP). Box plot
321

represents the number (left) and the length (right) of SVs in the individual genome. A. raw
data of SVs predicted by BreakDancer, B. BreakDancer SVs after filtration of spurious
SVs, C. SVs predicted by Pindel. The x-axis represents SV types and the y-axis represents
the number of SVs (left) and the length of SVs (right). The lower and upper hinges of the
boxes correspond to the 25th and 75th percentiles and the whiskers represent the 1.5x interquartile range (IQR) extending from the hinges. ‘+’ represents outliers. We didn’t filter the
spurious SNVs for CTX because of ambiguous break points between chromosomes.
Average Length of the SVs predicted by BreakDancer (A) was significantly longer than
those predicted by Pindel (C). We re-distributed SVs after filtering out the SVs containing
un-assembled genome of hg19 (B). It shows high portion of large SVs were removed, as
spurious SVs, and average length of SVs also lower than raw data. On the other hands, SVs
predicted by Pindel (length < 1kbp) were not contained spurious SVs in reference
sequences.
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Figure S6. Length and repeat distribution in inversion and intra-chromosomal
translocation. The graphs represent distributions of SVs (upper) and portion of repetitive
sequences at a specific length range. A. inversions (INV), B. intra-chromosomal
translocation (ITX) The x-axis represents the SV length of log10 scale.
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Figure S7. Length distribution of CNVs. CNVs were predicted by FREEC program.
Length distribution of raw data (left) and filtered CNVs in the un-assembled genomic
regions (right).
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